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'SUMMARY

An existing deHavilland C-8A "Buffalo" airplane has been modifiedvinto an
augmentor wing flight test vehicle. Researcﬁ objéctives are to verify thé‘
augmentor flap concept and to prbduce.data for‘STOL air&orthiness criteria. The
Modified C-8A provides the means for Jet-STCL_flight research down to a

60 knot approach speed. The airplane has a high.thrust—to—véight ratid; high-
lift flap system, vectored thrust, powerful flight controls, and lateral-

directional stability augmentation system.

Normal performance and handling qualities are expected to be satisfactory.
Analysis and piloted simulator results indicate that stability and control
characteristics in convéntionai flight are ratea'%atisfactory"; Handling
qualities in thé STOL regime are aiéo generally sétisfactory, although pilot

workload is high about the longitudinal axis.

Program scope has limited the depth of the design data base and the extent of
airplane modification. As a result, there are flight ccntrol risks associated

with "corners" of the flight ehvelope and with certain remote single failures.

In addition, adverse ground effects’éé&ld fésult in hard landingé; Engine

: fgilure in the last few seconds of STOL approach may p}oducevtouchdown sink
rates in excess of landing gear capability; However, by adhering to a carefuily
planned test program using,experienced.tgst piléts, the Modified C-8A has been

considered acceptable for STOL flight research.

REV SYM BOEING |~o. D6-40381 _)_
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" beginning in 1965. The ensuing NASA research program, conducted with denaviilard

1.0 INTRODUCTION
1.1 Background

The technology for short takeoff and landing (STOL) airplanes is rapidly bveirz
developed. One STOL powered-lift conceépt is the augmentor wing jet flap. Zzarliy

work with this concept was performed by deHavilland cf Canada. NIAiS4-imes joired

of Canada support, has been traced in Reference 1.

The NASA wind tunnel testing led to configuration ;tudies to ccnvert an existincz
deHavilland "Buffalo" (U.S. designation C-8A) into an augmentor wing flight tess
vehicle. A joint Canada-USA program was started invl970. The Canadian Departmeny
of Industry, Trade and Commerce (DITC) has provided the ﬁropulsion package

through a contract with deHaVilland of Cana&a §nd Rolls-Royce. - The modified =zir-
fréme has been provided by NASA tﬁrougﬁ Contract NAS2-6025 with The Boeing Ccxpany]
Boeing design work began in mid-l970. The Mgdified C-8A is scheduled to fly

early in 1972.

Principal airplane_modifigq?ions havé;consigted oflinstallafion qf,jet engines,
ducting and the augmentpr flap high-1ift sysfem. ,Otﬁeq éhgnges rave included
redesigned control systeﬁs, the addition of a lateral-directional stability
augmentation system and.modified‘hydraulic and electrical system;, Stability
and control analyses have been made to evaluate flight séfety and randling

gqualities. This document collects and summarizes these analyses of predicted

flight characteristics. . ) A ' . -
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‘between the spars. With no diverter valves the flaps are blown at all times,

Dt 4100 7740 ORI1G.3/71

1.2 MODIFIED C-8A DESCRIPTION
1.2.1 General '

figures 1-1 and 1-2 show the general a;réngément of the Modified C-8A. Pertinent
configuration data are listed on Tablé 1-1. Aqgmentof-ﬁing jet flaps, blown and
flap-droqped ailerons and fixed leading edge slats have been installed cn the
wing (see Figure l-é). Wing span has been éhortened by cutting the tips off the
original Buffalo wing in order to increase wing loading to 50 lb/ft2 at maximum
landing weight (43,000 ib). Two Rolls-Royce Spey 80L-SF split flow jet engines

have been installed in modified underwing nacelles.

'The fan flow from each engine is 1ndependently ducted to blow the augmentor flaps
and the aileron on the opposite side of the airplane. The ductlng systems
featﬁre a "duct-within-é-duct" dual nozzle flap blowing arrangement and cCrossover
ducts through the fuéelage. With only one engine operating the entire flap span
continugs to receive blowiﬁg air. Engine-out rolling ﬁoment compensation is
provided by asymmetric blowing to the opﬁoéité-aiierdn. Duct routing is througﬁ

the wing leadlng and trailing edge areas to preserve the fuel tanks located

including‘the flaps—up cruise.- As a result the augmentor flap remains open even

in the cruise configuration. : - T

Engine primary flow exhaugts through vectorable coniééi nozzles. The pilot can
rotate the hot thrust vector from a nearly horizontal acceleration force (engine
exhausting aft at 6° below the horlzontal) to vertlcal llft at 90°. The nozzles
may be rotated further to crease a comblned llftlng and retardlng (or deceler—
atlng)force at 104° orientation. With the conical nozzles occupying the nacelle
space, the landlng gear is no .longer retractable and remalﬁ éxtended for all .

flight condltlons.

REV SYM SOEINEG |ro. D6-10381 N
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The Modified C-8A has two redesigned hydraulic systems which power the laieral
and directional flight controls, flaps, brakes, nosevheel steering, lifi aurp
surfaces, and the 1ateral-dire¢tional SAS actuators. Each hydraulic syster is
powered by two enginé—driven éumps, one on each engine. Either system, crerating
on only one pump, can operate the criticai flight cbntrols inqluding flap

actuation.

The Modified C-8A is equipped with two normally isolated electricél systems. The
left hand and right hand bus systems are each powered by an engine driven £C
generator via a constant. speed drive unit. A failure of any one of the buses or
loss of a generator causes automatic transfer of the loads from the faulty bus

0 the remaining operative bus. A battery provides power for 1ighting and
communlcatlon equipment should both main AC generators fail. Electrical power

is not reoulred for operatlon of engines, flight controls or prlmary instruments.

The airplane can be safély flovmn to a landing'ﬁithout generated electrical power.

Being & research airplane, the Modified C-8A has permanently installed flight

test instrumentation. An instrumented nose boom has been added as part'of.this

system.

Typical operational data for the airplane are listed on Table 1-2. Descriptions

of the primary flight controls and lateral-directional SAS follow.

1.2.2 Longitudinal Control System

The Modified G-8A retains the manual elevator spring tab longitudinal control
system of the original Buffalo. Figure 1-3 shbws the elevatorlcontrol system
schematic. Pilot and co—pllot control solumns are connected by a torcue tube.
Column @ovement actuates the elevator spring tab via a single cable run. The
pilot moves the spring tab through a relafively stiff outer torque:tube while

b

remaining attached to the elevator through a weaker inner torque tube. Stick

REV SYM : BOEINEG |vo. D5-10351 _)_
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force is derived through a combination of spring tab and direct elevator hinge

‘to reduce stlck forces for "one-hand" operation. ‘The pilot comes into direct,

‘to hinge moments, cable stretch, and .torque tube wind-up.

_trim is produced by the balancing elevator trim tab as shown in Figure 1-h, &

 system on the Modified C-8A. Lateral control is derived from a combination of

D1t 4100 7740 OR!G.3/71

moments. Elevator torque tube and spring tab follow-up ratio have been rodified

firm contact with the elevator after the torque tube wlnds up to a pre-set Wlhlt

(6, stops in Figure 1-3). Elevator gearing to the column varies with airspeed due

The stabilizer on the Modified C-8A has a fixed incidence setting. Hands-off

motor and clutch have been added to the original trim tab circuit to provide the
pilots with electrical trim control using thuﬁbsvitches. A flap-trim intercomecy .
varies the airplane nose down trim auﬁhority to prevent the occurrence of an

excessive mistrim.

1.2.3 Lateral Control System

The original manual lateral control system has been replaced by a new, powvered

three aerodynamic surfaces: drooped andiblown ailerons, spoilers ahead of the
ailerons, and augmentor flap chokes located on the outboard flap panels (see

Figure 1-5). Choke surfaces are also provxded on the inboard flaos, and along

with the outer choke panels, are used for 1lift dumpiné on the ground.

The lateral control system schematic is presented inAFigure 1-6. Hydraulic
actuators and control system components have been adapted from other axrolanes
to assure airworthiness and high reliability. Pilot control-is summed in series

with the lateral SAS actuator to produce the input command:to the central power

actuator via the feel, centering and tfim unit. The dual-hydraulic central P.C.UJ
then actuates the dual cables: one Qirect to the ailerons and the other comranc-

ing inputs to the spoiler actuators (hydraulic system A) and the choke actuators

REV SYM | _BOEING [woD6-bo381 N
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(hydraulic system B). The aileron is drooped by mechanical igput frbm the flaps.
Spoiler and choke programmers are included in the system. In the event of total

hydraulic failure, the pilot reverts to 'direct manual control of the ailerons.

1.2.4 Directional Control System

Directional control is produced by the Buffalo double-hinged two-piece rudder.
The rudder is powered by a dual-tandem hydraulic actuator. "Pilot control from the
rudder pedals is summed in series with the directional SAS actuator output to
produce the input command to the rudder actuator. Pedal forces are provided by the

feel, centering and trim unit, The directional control system is sketched in

Figure 1-7.

l1.2.5 Lateral-Directional SAS

The Modified C-8A has a lateral-directional stability augmenﬁation_system to
enhance STOL flying qualities below 100 knots-(automatic disengage speed). Two

basic modes are provided:

1l.. Normal Stability Augmentation

The normal mode prorides the following: -

(a) roll mode augmentation (roll damping)

(b) spiral mode augmentation -

(¢) turn coordination .
(d) dutch roll damping (/?.: damper) |

Automatic gain switching with flap position is included to produce more
uniform response over the flap operating envelope. Control wheel positioﬁ
'is programmed into the lateral SAS channel to improve the linearity of the

airplane roll response for small wheel inputs.

2. Variable Stability Augmentation

The variable stability mode permits selection of a wide rﬁngé of iateral-
directional characteristics by gain and sense control of the following:
REV SYM ' SBOEING luo. D6-40381
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rate and authority to a safe value. In the "normal mode" isolationis maintained

stability computer are fed to their respectivé "normal" mode augmentation comput-

ers in order to use the same SAS servo actuator 1oops.

(a) roll rate to lateral control feedback (c1p)

(b) yaw rate to lateral control feedback : (cgy)

(¢) sideslip to lateral control feedback | ' (Cfﬁ)

(d) yaw rate to directional control feedback ‘(Cnr)

(e) roll rate to directicnal control feedback (Cnp) ‘
(f) roll attitude to directional'cpntrol feedback Turn Coordination
(g) aileron to directional control crossfeed v Cross-couplipg

The stability augmentation system is non-redundant with SAS actuators limited in

Between the lateral and directional SAS circuits. Separate sensors are used to

17

prevent simultaneous failures about both axes. Figure 1-8 shows the SAS schemati

with the separate roll axis and yaw axis computers.

All signal computation for the variable stability mode is done in one computer

(axis isolation does not exist in this mode). Surface commands from the variable

The servo actuators are connected in series, so that SAS commands are not

reflected at the pilot's controls.

Two control panels are provided for mode and gain control. In addition, discon-
nect switches are located on the pilot's and co-pilot{s vheels for quick SAS

disengagement.

To maintain continuous SAS operation in the event of an electrical system
failure (perhaps caused'by an engine failure), circuitry has been installed to

automatically transfer the SAS to the remaining electrical-bus. <.

1.3 Data Base

The aerodynamic data base for the Modified C-8A comes from a deHavilland-built,

large-scale augmentor wing model tested for NASA in the Ames 40x80 wind tunnel
REV SYM ' » BOEING ‘No. p6-40281 )
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,superposition techniques were used in the data build-up. Downwash was computed

and from the original DHC Buffalo itself. Two tests were conducted with the
model configured to represent the'ModifiedACjBA: PHASE IV iﬁ free air (Refer-
ence 2) and PHASE V in the presence of a ground plane; Figure 1-9 shows a 3-view
drawing 6f the Ames model. The data base also éxténds'to earlier de?elbpmental
testing conducted by deHavilland and NASA (see Reference 3). Empennage aerodynamic

characteristics were obtained from data on the original Buffalo.

Working data used in the prediction of Modified C-8A'chaxacteristics were inter-
polated and extrapolated from the wind tunnel déta base. Ektéhsive corrections
were made for differences in geometry between the actual airplane and the wind

tunnel model. Jet flap theory was required to fill in voids in the data. Linear

using a "horse shoe" vortex theoretical model factored to match the limited

amount of wind tunnel data.

Laﬂeral-directional static stability derivativeé were obtaingd from.wiﬁd tunnel
data. Considerable scatter exists in the wind tunnel data for;Q@g |
At STOL approach conditions it appedrs that the Modified C-8A may have no
dihedral effect, i.e. C%;z 0. Dynaﬁic stability derivatiﬁes for the Modified
C-8A have been estimated uUsing thebréfiéal ékpressions developéd byideHaviiland

for the augmentor jet flap. Vertical and horiziontal tail contributiong have

been calcuk ted using "force-times-arm" techniques.

Hinge moment data for the elevator and rudder were obtained directly from work
done on the original Buffalo. Spoiler hinge moments were estimated. using Boeing

data on similar spoiler arrangements. Aileron hinge moments.were estimated from

test data on the large-scale Ames model and from other sources (e.g., Reference 4)

|PAGE 1.7
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Piloted operation charactefistics vere evaluated using the simulator. Use was

made of the Flight Simulator for Advanced Aircraft_(FSAA) facility located

-at NASA-Ames. The digital simulation included a six degree-~of-freedom

motion base cab configured to represent the Modified C-8A. A color.TﬂV7
display, engine noise and a turbulence model wvere a part of the simulafion.
Pilots from NASA, The Boeing Company and deHavilland Aircraft of Canéda "flew"
the simulation based on a detailed mathematical model of the Modified C-8A
(geﬂaxgnes 5&€gu The testing provided both design information for new systems
(e.g., lateral control and SAS) and preliminary evaluations of operétiona.l'
éharaéteristics.  Piloted characteristics reported in this docuﬁeﬁt came from

the simulator studies, which are reported in detail in Reference .7. ... ',

While not up to commercial aircraft standards, the data base was deemed
sufficient for design of an experimental flight test vehicle. It must be
kept in mind, however, that a considerable a;ount of interpolation and extra-

polation has been used in predicting the Modified C-8A flight characteristics.

The probability that the actual airplane will not fly exactly like the

predictions is much higher than for "production" airplane programs with a more

extensive data base. R +

REV SYM a . BOEING |no.D6-40351
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TABLE 1-1
CONFIGURATION DESCRIPTION

I. GEOMETRY | |
WING | © HORIZONTAL TAIL  VERTICAL TAIL
5y = 865 rt2 Sy =233 rt2 : ‘sv = 152 2
(excluding slats) , '
b, = 78.75 £t . b, =32ft b, = 13.6 ft
—C.WREF" 149 1nches ‘é&i;;& EH = 88 inches EV = 137 inches
R =T.2 ‘ Rz, = L. R =1.22
O = 0° £y 05 =3° Dyzg = 17°
t/c = 16% t/c =~ 12% t/c = 1L%
iw = 2c5° . V“.15= 1.0 Wls = -097
Nege = 80 A =75 an N = .57
’ ' L = +1°{?:;oﬁem:\-mnmw
AUGMENTOR FLAPS ~ ELEVATOR - RUDDER
» Avg. Chord = 29%cC., ¢ Avg. Chord = 35% ¢ Avg. Chord = L0%
(L.E. Coanda to T.E./ : i e .
wing chord) Full-Span _ A
o Span: 12% (SOB)SW<T1% e -25°¢ g < +15° . ® Double-Hinged Rudder
: ' (¢ e 60% & 80% Chord)
¢ 5.6°(Up)< SF < T5°. ¢ Two 83% Semi-span Tabs. s Full-Span
o (7% Tail chord) - :
3 | e =25% 5, <+25°

* Sc, = 209 ft ‘
- ¢ Aft Rudder Segment
B © deflects an additional]
S o b - 25° at 1:1 gearing
' 3
" STrgora T 2T

AUGMEN'IOR CHOKE :

. Avg. Chord = 9% Cy

e Full-Span on all Flap
Panels (0%<8,, < 100%)

BLC AILERON
e Avg. Chord = 22.5% Cw
¢ Span: 71%SV1£100% o . S
e -16.5°<8a <64

. Half-Span Geared Tab
(L% wing chord)

d Sgas L6 ft3/surface

REV SYM | BOEING |ro. DE-10381 N
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II.

'WEIGHT, C.G., INERTIA

| TABLE I-1
(Cont'd) .

© SPOILER ,
Avg. Chord = lh% Cw
Hinge Line e 62% ¢y
0°¢ 3, < 50° ; "

Sﬁép = 17 ft~/surface

Structural
~Nominal CG* B Design Limits

Max. Taxi Weight = 45,000 1b | 30% Mac . 25-34%

- Max. Zero Fuel Wt. = 37,000 1lb

III.

Max. Gross Weight = 45,000 1b - 30% Mac -
Max. Landing Weight = 43,000 1b '

0.E.W. (NASA Instrumentatlon) o L - :
31, hoo 1b o : _ ' 27% Mac . 20.5-31.5%

¥Wyith fuel added, beyond O.E.W., the nominal
CG follows a single linear line between 27%-
and 30% Mac -

At 40,000 1bs

I 260,000 slug-ft> (fuel system modified)

XX
: o " R 1]
I, =205,000 " " |
- - w oo :
Iy _,h9§,ooo
Iy = 355500 oo
PROPULSION

At 60 kts, sea level, standard day**

T e Max1mum sross hot .thrust, Tyo. = 71150 1b/eng1ne (vectorable)

e Ram Drag = 650 lb/englne |
e Maximum isentropic* cold thrust = 3350 lb/engihgff

. #Installation losses, including ducts, included out to nozzles.

#4NOTE: Actual typical approach pover settlng is at 92% RPM with T

OT
3200 1lb/eng and T '

COLD 2375_lb/engf

BOEING |~oD6-10381"
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TABLE 2-2

OPERATIONAL DATA

I. PLACARDS _ o
DESIGN FLAP SPEEDS FLAPS UP DESIGH SPEEDS
N V,~ KT8 | |
75° . 90 Gust Vg = 1L0 kts
50° 100 Meneuvering V, = 140
30° 120 Design Cruise V=V = 160
5.6°(Up) 160 . Design Dive Speed = 180
DESIGN LOADS MAXIMUM ALTITUDE
Flaps Down 0g<n,<2.0g 15,000 ft
Flaps Up (5.6°) -.5g<n,< 2.25¢
II. TYPICAL DESIGN FLIGHT CONDITIONS
TAKEOFF ' .
Sp = 30°,¥= ©°, V, = 80kts, ¥=13° (2 eng, takeoff power, 45,000 1b)
CRUISE

Sp = Up, V= c°, v, = 140 to 160 kts,¥= 0

LANDING . ,
= 65°,7=90°, V 60 kts,¥ = -T7.5°, b
op = 657 » Yo © s5¥= =Te9%s DOy rgin = 4359 -
AV = 16 kts "
margin

IITI. TYPICAL PERFORMANCE

‘ : **
Tekeoff & Landing Field Lengths: 2200 £t (7.0 = 1500 #% (LoW)
_ Ferry Range ¢ 350 N. Mi. ' o .
Endurance (Landings & Go-arounds Test Work) ¢ > 1 Hour

X Includes R.T.O. stopping distance; two-engine takeoff requires onlf{ 1000ft.
#% Actual, unfactored field length. (Brakes do not have anti-skid)-

REV SYM | BOEINE |vo. DE-40381 N
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2.0 STABILITY AND CONTROL CRITERTA

This setction presents a brief listing of criteria affecting the stability and

control characteristics of the Modified Cc-84.

Stability and control criteria used in the design and analysis of the Modified

C—8A'are derived from a number of sources:

e NASA design preferences

e Boeing design experience

e Results of NASA/Boeing simulator studies

° Airworthinesé regulations (Refereﬁces 8 and 9)

e Published reports on STOL handling qualities (e.g. References 15 and 16)

¢

Every attempt was made, where possible within the contract scope, to satisfy -

- the following criteria.

2.1 @General Criteria

- -

These "general" criterié apply to overall airplane characteristics:

1. Flight confrol characteristics shall permit safe, acceptable STOL operatioh‘lE.l
with a skilled pilot. A&equate control and maneuverability shall be |
available to enable thé pilot to make spéed, power anduqénfiguration changgs;‘

to negotiate moderate levels of turbulence, wind'shéar_and cross wind and.

to counteract probable failure conditions.

REV SYM : BOEING |No.D6—hO381» _}_
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Control systems shall be designed to provide satisfactory handling

qualities through adequate rate, authority and dynamic characte;istics.

‘Generally, full control deflection should be available within 0.5 sec at

STOL flight conditions.

Under normal operating conditions the airplane'shall be dynamicglly stable

. about all axes.

. both hydraulic systems.

The airplane shall be controllable for continued safé‘flight to a landing
with any probable single failure, including hydraulic or electrical power
feilures, or any combination of failures not shown to be extremely‘remote.

This condition excludes Jamming.

The airplane shall be controllable for continued flight to a safe landing
after any single Jjam in the control system unless shown to be extremelyv
remote. The jam position condition applies only to probable control surface

positions.

The airplane shall be controllable to a safe landing following loss of

The airplane shall be controllsble if all engines fail.

Longitudinal Stability and Control Criteria

The existing Buffalo longitudinal control system shall provide adequate
control powver for trimmed and maneuvering fligﬁt withiﬁ the defined

operational flight and CG loading envelopes of the Modified C-8A.

~Maneuvering requirements_éhall include, but not be limited to, fhe

following:

REV SYM
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e Load factor capability from O < W, £ 2.09.

e Sufficient longitudinal control for flap extension and retraction

and for power and thrust vector changes.

e Elevator powér to demonstrate the minimum flying speed at each flap

position and then recover.

e Sufficient control for takeoff rotation, including realistic takeoff

mistrim.
e Elevator control for landing flare.

o Maximum pitch acceleration at 60 kt STOL approach of &, =.5 ®Vkec™,

2. Pitch control sensitivity (pitch acceleration per unit column deflection)
RAD!SEé‘

shall have a satisfactory pilot rating, nominally' e/xs > 0% aon

at STOL landing approach.

3. The elevator control system shall produce stick forces compatible with

one-hand operation at STOL flight conditions.
k. The elevator control- system shall have positive centering.

5. Hands-off'trimAcapabilityshall be provided for all steady, "1g" flight

conditions from STOL reference approach speed to'VMO'
6. Longitudinal trim rate shall provide acceptable trimming performance.

T. Control to a safe landing shall be possible with the trim system jammed

" in normal flight trim positions.
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-10.

11.

The pilot shall be able to recover from an inadvértent‘runaway,_mistrimmgd ‘

cbndition with less than 125 1lb of stick force.

The Modified C-8A shall have acceptable longitudinal static and maneuvering .

stability.

Flight path or "speed stability" shall be acceptable for normal piloted

operation.

Longitudinal dynamic stability shall be positively damped;

2.3 Lateral-Directional Stability and Control Criteria

2.3.1 Lateral Control Criteria

The Modlfied C-8A shall have adequate lateral control power for maneuvering,

1.
" with the follow1ng characteristlcs at 60 kt STOL approach conditions:
® amhx = .4- RK"/se'c" -- R - - AR
® B = 20 vEa/sec
d ¢4_ - Z b DEx
e t £ 2.5 sEC
2. Lateral control power shall be sufficient to negotiate a 20 kt crosswind
or achieve sideslips of ﬁn515° at 60 kt STOL approach conditions using
less than 50% maximum available roll control.
3. - For emergency landing conditions (at higher approach speeds) the lateral
control system shall produce:
ég = ,2 RO/t S
taAx *
° SZMM ‘> 10 DdEG/SEC
<
. '(:30 < 4 secc
B D6-40381
REV SYM DEINEG | ro. ;
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rolling moment due to engine failure with the following constraints:
e Initial engine-out transient followed by pilot
corrective action shall not produce excursions greater

than 20°f or 1S°A.

e At 60 kt STOL approach and emergency power setting on
remaining engine, required lateral control must be

less than 60% of aailable roll control.

e Remaining roll control power must be sufficient to effect
recovery from the takeoff or landing approach engine

failure conditions. -

5. Lateral control power shall be sufficient to counteract failures in the

lateral-directional SAS,

4

6. Lateral control ‘poﬁer shall be sufficient to counteract fuel unbalance

conditions.

T. Control power and deji_gn of the:_lastera; control system shall provide
capability to counteract: |
° Jammed. surfaces i;x normal position
® Cable breaks in the wing
e Hydraulic system failures

® Air ducting system failures -

8. Lateral control sensitivity (roll acceleration per unit wheel displacement)
. ow " T
) [
shall have a satisfactory pilot rating, nominally_ ¢/S,,, Z .10 E{%L;_E

at STOL landing approach.

4, The Modified C-8A shall have adequate lateral control power to counteract

REV SYM | | | SOEING |no.D6-10381
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9. Rolling moment shall be linear with wheel up to L40% S‘*’m.x . Any
non-linearities between 0% < R, < 100788“}" must produce only a
. M . .

"convex" rolling moment characteristic.
10. Lateral control interactions in lift and yawing moment shall be minimized.

11. Wheel force shall be compatible with one-hand operation (less than 20 1b

maximum).
12. The lateral control system shall have positive centering.

13. Lateral trim capability shall be provided for all probable lateral mistrim

conditions.

1k, - For eniergent:y operation, in manual reversion, acceptable roll control shall

be achieved using a maximum wheel force of W, x6es L.

MPA

2.3.2 Directional Control Criteria

1. The Modified C-8A directional cantrol system shall pro%ride adequate control
power for maneuveririg, 'with the following characteristics at. 60 kt STOL -
approach: R - T |

e Q%WAX = 15 RJ“”ﬁEéF - -

L t < 2.2 sSec

2. Directional control power shall be sufficient to negotiate a 20 kt cross-
wipd or achieve sideslips of (57 \‘5° at 60 kt STOL approach using less than

5% Se,, . -

3. The Modified C-8A shall have adequate directional control capability to

counteract yawing moment due to engine failure such that \}MC_ < 60KTS,

D6-L0381
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Lk, Rudder control pover shall be sufficient to counteract failures 'in the

lateral-direétional SAS,

5. Directional control sensitivity shall be .acceptable. Yawing moment shall
increase continuously with pedal deflection producing increasing sideslip

angle,

6. Pedal force shall be greater than 50 lb maximum (nominally 100 1b maximum .

for satisfactory operation).
7. Directional control shall have positive system centering.

8. Directional trim capability shall be provided for all long~-term

directional trim coriditions.

2.3.3  Lateral-Directional Stability Criteria

The following criteria apply to the Modified C-B8A with lateral-directional SAS

operative,

l. Dutch roll period shall be less than 12 sec, and damping ratio shall be

positive., . , ' EETI ' B

2. Spiral mode time to double amplitude shall at leas:tlbe greater than 20 s.ec;'

preferably the spiral mode should be slightly stable.

3. Roll mode time constant shall at least be T, < 2secand preferably be

Ta. < 1 sec.

4., Turn entry using only lateral control shall be accompl’istfeéiéith minimum
lateral-directional cross-coupling and heading lag. Specifically, induced
peak sideslip to peak bank angle should be AL < 3 . Lag in

A¢ = s

heading should be less than tlp'i 2 sec.
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The Modified C-8A shall possess static directional stability (recover

. from yawed conditions with rudder returned to neut.ral) and static lateral

stability (recover bank angle from a sideslip condition with wheel

returned to neutral).

NOTE: With lateral-directional SAS inoperative, the air;ila;ne shall be flown

in a configuration to assure continued flight to a safe la.hding.
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3.0 -LONGITUDINAL CHARACTERISTICS

3.1 Control Features

Longitudinal characteristics of the Modified C-8A are influenced by two features  :
not found on conventional‘airpianes: aefodynamics dependent on jet flap blowing -~
and vectored hot thrust. Figure 3-1 illustrates typical wing—body.aerodynamic, |
characﬁeristics. Lift, drag and pitching moment are dependent on blowing level
(isentropic thrust coefficient, CJ) as well as angle of attack and flap angle.
.Downwash at the tail, which is related to wing lift and jJet strength, is also

a function of CJ as shown in Figure 3-2.

Horizontal tail aerodynamic ch;racteristics are presented in Figuré 3-3. The -
tail has a relatively high aspect ratio, inverted'camber; and a large-chord
elevator. A very effective elevator is iﬁportagt because tail incidence is fixed.
. Tﬁe elevator is actuated manually by the pilot via the spring-tad system. Stick
force gradient with elevator deflection increases with airspeed. Modifications
to the spring téb follow-up ratio and to elevator torque tube stiffness have
produced lowered stick forces compatible with one-hand operation. Stickﬁ'
force charactefist;cs are shown in>figure-5-h. Af STbL approacﬁ—maximuﬁ stick
force is élightly above 30 1bs compared to 55 1bs witﬁ the original system.
(With the low force gradient system centering could be a problem even with low
friction levels). At the torque tube wind-up limit the pilot reacts against
elevator hinge moment directly with no more assistance from the tab. Stick

force gradient becomes very steep. Normal flight maneuvering does not require

elevator deflections into this region. T

REV SYM ' % : BOEING |No. D6-40381 9’ .
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~ to a step column. input have ibeen“esti‘mate'd. At 60 kt STOL conditions natural

.configuration, and dynamic problems are ‘u’nlikely..

Elevator-to-column gearing varies with airspeed >du'e't6 the .spring-tab, feature
as shown in Figure 3-5. The large gearing ratio at the 60 kt}S"l»‘OL condition

is advantageous for good pitch response. Elevag‘cor dynamic restnse characteristics

frequency is W, < 10 rad/sec and damping rat‘ig is fe:::-:._2v. F‘re'quencf and damping.

both increase with airspeed. Flutter analyses have cleared the spring-tab
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- 3.2 static Stability and Control

vThe Modified C- 8A has an 1nstalled thrust-to-weight ratio approachlnﬁ T/M= .5,
performance in terms of low operating speeds, short field length and w1de

l angles are cons1derably steeper than found w1th conventional transports. Body
attitude also varies over a large range as shown in Figure.3-7, Takeoff attitude

" is quite high Attitude changes significantly'with.speed in‘suoh a. way that

Stall speed (1lg at'CLmax) varies over a considerable range as weil.\‘Eigure 3-8
1b. Power effeet is quite prohounced. At landing flaps (SF.= 65? minimum

~ landing (V2¢=76 kts, Vapgz 60 kts) occur below power-off stall. The Modified

.mentation) and no prov151on for passengers, the need for loadability range is

’,'rack in the cabin has beendesigned for fore-and-aft movenment. Minor CcG adjust-:

The very effective high-1ift system generates a design approach 1ift coefficienu

of ——-~’h O or roughly tw1ce that of conventional"‘hign-lift systems. Maximum, .

variation in flight path angle is impressive. - Typical flight path capaoility for

reasonable variation in power setting is éiown on Figure 3-6. Climb'and desCent

attitude becomes an indicator of flight condition.

shows typical‘minimum airspeed variation with flap and poﬁer setting at M0,000"

airspeed varies more than 4O kts. Mose operational flight speeds at takeoff .and |

Cc-8A truly operates in the "powered-1lift" STOL regime.

- ' -

The MOdlfled C 8A has a limited fore and aft center of grav1ty range shown in -

Figure 3—9. With fixed equipment installation (ba31cally flight test 1nstru—

hot great. Structural des1gn CG limits have been further restricted by aero-v

dynamic considerations resulting from fixed tail 1n01dence. The_instrumentatioh

ment (%.6%‘aft at "OEW) is possible by this means.
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Elevator deflection is used for ‘both 'lg trim and maneuvering., Elevafor
required to hold steady, 'lg' flight has been computed for all combinations of -
weight, speed, flap deflection, power setting and hot thrust nozzlelangle at
nominal CG locations along the fuel loadihg line. ’Figure.3-10vpresents the -
envelope of these conditions for the existing‘stabilizeruincidepceAsetting of "
ip = +l°. Typical trio requirements forvoormal'operation at 40,000 lblare ‘
also shown onvthe figure; For most flight conditions elevator angle will lie
within a few degrees of neutral. This fortuitous situation occurs because
pitching moment produced by flap deflection is almost‘entirely counteracted by
tail 1ift induced by changes in downwash angle. Large elevator deflectioos are
needed for etall maneuvers and full power apblication atilanding flaps, vectors

down.

Tpe trimmed lg flight conditions at nomiﬁel;CG prbduce»tail lif%_requirements»i
shown in Figure 3-11. Tail 1ift and angle of attack reqﬁired to trim extreme’
flight conditions'may bring ﬁhe tail close to stall. These conditions are

flaps up stall and high power at landing flaps with nozzles down. Tail stallingi
produces non-linear elevator hinge moment characteristics with possible stick

force lightening. The airplane may exhibit nose down "tuck" in the flaps downwf

- eritical condition.. Flight-corhers must be approached cautiously.

"Hands-off" trim (Fs = O) iswprovided by using rhe trim oab to balance elevatorA )
hinge moment.> The trim tadb deflection limits are shifted with flap angleb o
'by'auseriee interconnect with'the flap system. The purpose of the flap inter-gt
connect is to prevent running the trim tab to excessive eirplege nose-down f
elevator angles. Diving flight‘beyond operational placard speeds may result
~with large stick force required for recovery. Hands'off elevator trim limitsf}i

‘

" are shown for the flap-speed envelope on Figure 3=-12,

o - ) R
' ¥
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- Classical static longltudlnal stabllltv is characterlzed by the amount of stlck

:4force (elevator deflectlon) requlred to slow down (pull) or speed up (nush) away

~of 1 lb/6 kts; however, proper dlrection of force anpllcatlon is more 1mportant

. than force gradient level, Moreover STOL flight at very hlgh llft levels yener—

‘Trim at the structnral CG limits requireseadditional elevaﬁon deflecfion and tail.
1ift shown in Figure 3-13 In order to keep the eleﬁator angle near‘neutral fof
normal condltlons, the stabilizer 1ncidence angle should be shifted instead Man—
euvering capability 15 degraded somewhat as the CG moves forward of nom1nal At

aft CG static longitudinal stability degenerates, particularly in'the‘STOL regime

from a trimmed fllght condltion. Standard practlce dlctates a stlck force.slope,

ates high induced drag. Many STOL conditions end'up on the "backside" of the paver-|-
required characteristics. In this situation both power and eievator modulation is

required to meintain the trim condition.

figure 3;1h'nresents static 1ongitudinal,stabiiity characteristics at nominal -
takeoff condition. ‘The airplane is on the "front side" of the‘power curve as
indicated by the f_‘light path angle 'varia.t'ion with speed. The stick force gradient
is Stable down to ebout 1h,kts‘oelow trim epeed.’BeIOW 67.kts the airplane tends

to be self-stallingvand'reqpifes close pilot attention.

The cruise condition shown;in Figure 3-15 is stable and well;behaved{‘The airpkue
has adequate longifudinal_sﬁability at "conventional" approach condition (Figune
3-16). Mild powered 1ift effects are evidenced by the change in fequired trim

gnglé of‘eﬁteck Vﬁ’(constant speed)vwhen pover setting is used'to'ﬁary~glide slopej

The 90‘kt'approach was found a suitable alternate,landing condition.

‘Powered lift effects become: very pronounced at the de51gn STOL landing approach
(X —7.5° at 60 kts). Flight path may be controlled in two ways: by power changes

or by thrust vector (nozzle) modulation. Figure 3-17 illustrates the wide

REV SYM | ‘ o BOLEING lno.D6‘h0381 _}_
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_vectoring is used to set glide slope. Nozzle modulation about the V= 90° trim °

D1 4100 7740 ORIG.3/71

variation in glide slope attained by either method. The design approach conditim
(SF = 65°,7=90°, 92% RPM) was selected to assure the folléwing margins with hot
thrust perpendicular to flight path: An = .35g, APPz lO kts from V) u and o(Fé 5¢
(15° from stall). It can be seen that power changes vary the margins. At 60 kts,
advancing throttles to takeoff sétting prodpces An;‘s .65g and AV=<22 kts. Reducing
power setting on the other hand lower margins. This charactefistic is due to the
"1ift coupling" with the throttle. In fact, advancing throttles on approach
generates a net ihstaptaneous force on the airplane oriented almost directly
perpendicular to the flight path. Significant changes in angle of attack must

take place to maintain trim speed. The upper curves on Figure 3-17 show that.

margins and trim angle of attack remain relatively constant when hot thrust

poiht produces instantaneous axial forces on the airplane analogous to power

setting on conventional airplanes.

Flgure 3-18 illustrates the effect the two control techniques on alrplane axnnde
and trim. Extending the approach, i.e. raising the fllght path angle, by rotatlng |
the nozzles aft produces a conventional nose-up change in attitude. Increased

power also reduces glide slope but the airplane pltches nose down, vhlch is unconH
ventional. Airplane attitude variation wlth change in airspeed atYf= -7.5° is quit-
pronounced but conventional in direction. Trim ele?ato? change is small in all

cases. In the éimulator studies, the piiots considered the reversed attitude changef
with power as "unstable". >For STOL approach the pilots concluded that nozzle |

modulation provided the best means of flight path control,

Figure 3-19 presents typical static longitudinal stability characteristics at

STOL landing approach. The rate of change of glidé slope with speed is %gé
.2 deg/kt (unstable), which is over three times greater than that permitted by

MIL-F-8785 (Reference 11) for conventional airplane operation. Using thrust

REV SYM : - BOEING |noD6-50381 N
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considerable attention to the task of maintaining control at STCL approach.

'aerodynamic stability characteristic of the Modified C-8A at landing approach.

" reduced below the 65 kt nominal wave-off trim speed.

istics. Powered flight controls, longltudlnal SAS, and automatlc airspeed

vector modulation, the pilots were able to track the approach path with acceptabls:
results. Static stability exists for speed increase above 60 kts, but the slope

and magnitude of pull force below 60 kts is very low. The pilots'had to devote

Reduced stability with lowering flight speed is brought on.by several effects.
First, reduced airspeed increases blowing coefficient, CJ, thereby producing an
inherent degradation in aerodynamic stability. This degradation is caused pri—
marily by change in wing lift curve elope_end downwash flow field at the tail. The
second confributor to reduced stability is the nose-up hot thrust moment. The -
hot thrust nozzles are located below and ahead of the center of gravity. Tail 1ift
is required to trim the thrust moment. If, for example, speed is reduced, the
hot thrust nose-up moment remains constant while the aerodynamlc pitching moment
is reduced ("q" effect). The net result is a virtual destab111z1ng pitch~up due

to_thruet. Figure 3-20 presents the "equivalent" (includes thrust effects)static

Even though a stable slope (gct <O> exists at constant speed, the effects of

Cj and hot thrust produce a de-stabilizing trend as sneed is reduced at "lg".

Hot thrust effects are even more pronounced in the two—englne go—around condxtion.
Figure 3- 21 presents static longitudlnal stability character1stlcs for the 'wave-

of f" condition. Elevator-to-trim actually reverses slope markedly as speed is

STOL, powered-lift flight produces a number of undesirablelnitch-axis character-

control have been investigated and found beneficial (Reference 10) Program scope

precluded their addition to the Modified C-8A. Actual flight testing will reveal
just what improvements are needed for satisfactory pilot ratings.
REVSYM | BOEING |vo. 1610381 N
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3.3 Maneuvering Stability and Control

Typical flight maneuvers affecting longitudinal control consist of takeoff
rotation, pulling load factor, flap and power changes, reaching minimum
airspeed (stall), flight path tracking, and landing flare. The following shows

that the Modified C-8A has adequate longitudinal maneuvering control capability.

Takeoff Rotation

Short takeoff field lengths imply high lift capability, rapid acceleration and
low operating speeds. There must be sufficient elevator pdwer to begin
rotation at a low enough speed such that takeoff attitude is reached on or
below the design liftoff speed. Takeoff rotation speeds have been determinéd
in Reference T between 58 < Vp € 72 kts for standard day takeoff at Fléps 30°.
Figure 3-22 presents the elevator angle required for nose wheel liftoff at F
the beginning of rotatiog. Minimum nosewheel”iiftoff speed using maximum
elevator is on the order of 505;Ve~£,57 kts depending on airplapé gross weight.
Takecff rotation can Ee initiated at Vi using approiimatel& Secc-10° ana a
stick force of Fg=1l5 lbs. The airplane speed is increasing quite rapidly

making continued rotation.qasy.

Load Factor Capability

The Modified C-8A has acceptable load factor capability for pull-ups and turns.
Figure 3-23 presents a summary of elevator-per-g, stick-force-per-g, and
maneuvér point. It happens that the rearvard shift in CG along the fuel

loading line (Figure 3-9) offsets the increased gross veight,éffect.in
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Capability is slightly in excess of design limit. load factor at maximum gross

‘produce a trim runaway which would tend to dive the airplane if the pilot.

establishing Sé/g. For all practicél purposes Ze/g ﬁaé.only a single value at .
a given flight speed. With the modified spring tab system, stick-force—per—g
is now satisfactory at Fs/gx35 to 45 1b/g. Original Fs/g was about twice
the current level. Maneuver point (CG where Se/g = 0) is well aft of the
nominal CG. Note that the destabilizing effect of CJ does cause the maneuver

point to move forward at low speed, flaps down conditions.

Sufficieﬁt elevator authority exists to maneuver to limit load factor at cruise.
Stick forée gradient‘is low up to elevator torqué.tube wind-up limit-(Ol)

as previously shown in Figure 3-h, Beyond‘this point there is a tenfold ihcrease
in force gradient which effectively limits further elevator'rotation.

Figure 3-2U4 shows airplane load factor cépability at elevator 6; limit.

weight. Stick force at the 0; limit is on the order of FsﬂtGO 1bs at cruise
speeds. At low speeds md flaps down conditioné,load factor is limited by wing

1ift and not elevator deflection.

Oﬁe important maneuvering flight condition is‘recovery from overspeed ccnditicn
at Vp = 180 kts. Figure 3-24 shows thgt there is plenty of capability at Vp
when maneuvering from a lg-trimmed (%s =‘0)'flight condition. Ah electrical
trim system has been ingtalled on the Modified C-8A which actﬁates the tfim £ab

via thumbswitches. A failure in this single-channel system could conceivably

relea;ed the control .column. Safety is provided by three design features:
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'(l) The pilot can override the trim moﬁor and re-trim with the manual trim

wheel using less than 10 1b of force,
(2) A disconnect switch is provided to shutoff the trim motor, and

(3) The flap-trim interconnect mechanism limits airplane nose-down trim

authority to a safe level (see Figure 3-12).

Recovery capability from a full nose-down mistrim is shown in Figure 3-25. The
: pllot can maintain 1lg flight by pulling approximately 4O lbs on the column.

At the 0, 1limit the pilot can generate n, = 1.5 g using about 70 1lbs of stick

1
. force. Without the flap-trim interconnect the pilot would not be able to hold

1 g at the 0; limit,

Flap Transitions

Elevator control power is adequate to trim the effects of power, thrust vector
and flap setting as sﬁown in Figuré 3—10.‘ It is impoftant fhat transitions.
from cruise to landing and go-arounds from landing can be made with fﬁne—hand"

stick forces. The re@uced stick force modification plus small éleva;of
requirements make this posqible. Txpical.frim changes for aiflap transition
from cruise to landing are shown in Figure 3-26. ‘Elevator reguired to trim at
Flaps Up, Ve = 120 ktsvis almost unchaﬁéed by theutime landipg approach
‘configuration is reached (X% = 65°, Vv, = 60 kts). Starting from trim (Fg = Oj
at 120 kts‘the.stick.force required without re-trimping”is léss than T iﬁs
(pull). Most of the stick force is caused by the flap-trim inteféennect which

moves the elevator position where Fg = 0. Power must be increased from 87% RPM

(level flight at 3, = 5.6, 120 kts) to 90% RPM (level flignt at'SF‘= 30°) to
92% RPM on approach.
REV SYM | BOEING |v0.D6-10381 \ |
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subsequently hodulated. This insures adequate 1ift margins and reduces workload.

The most stringent flap retraction condition is at go~-around omn two engines'
when power and thrust vector changes are included. Figure 3-27 shows the‘

trim changes for this maneuver. Most of‘the stick force required to maintain
trim away from the approach condition comes from pover and thrust vector change
at op = 65°. For the go-around (and takeoff transition as well) the flap-trim
interconnect programming actually helps to reduce force'change. Maximum stick
force for this condition is well within the "one-hand" category at Fg = -16 1bs

(pusﬁ).

Transitions from cruise-to-landing and landing-to-cruise were evaluated on the
piloted simulator. Figure 3-28 shows a typical flap extension maneuver. The
technique shown was used most often in setting up tﬁe appfoach from cruise.
First, the pilot rotated the nozzles downward which effectively reduced forward
th¥ﬁst permitting speed bleedoff. Thrust Qﬁsv;ncreased to maintain lift and

rate of climb. Power setting was then left at the "approach" level and was not

The flaps were then extended_to SF = 65° and the speed reduced to VAPP = 60 kts -

at about the desired rate of descent. Two things may be noted: (1) elevator
deflection required to accomplish this iran;ition is small and (2) selection
cﬁ‘SF.= 30° iﬁ one step may be too abrupt since rate of climb "ballooned" at
that point. Tfansition to STOL approach was considered satisfactory by the

piiots.

A flap retraction maneuver from'the simulator is presented in Figure 3-29.

Beginning at the 60 kt approaéh'condition the pilot's first step was to rotate
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‘ Stall Chhracteristics

low speeds due to effects of Jet flap blowlng ‘and’ direct hot thrust moments (Flg-

ure 3 20). In many instances V IN is reached holding "down elevator. Pllots

- The Modified C-8A can achieve very low stall speeds (Figure 3-8)3 Nose-uprettitude.

may be large at stall (Figure 3-6). All of these characterlstlcs may preclude

»‘tor v1ng wind tunnel data. Figure 3-30 presents lift and pltchlng moment-

nozzles aft. Note the momentary increase in sink rate as direct thrust liftlng
force was rotated out from under the ‘airplane. Speed increased almost immed1atelv
and the airplane approached level flight. The pilot elected to partiallv retrac?'
flaps and maintain level flxght (the altitude was over 1000 ft) Thrust settlng
had to be reduced to keep alrspeed from increa51ng. Further flap retraction was
accomplished in level flight.. With reduced power the elevator deflectlon to trim
actually went a few degrees traillng edge up in contrast to the full power go-
around of Figure 3-27. It appears that the flaps up speed at the end of transitiay

was somewhat low at 100 kts (0%?10?), although the pilot was able to maneuver well

The MOdlfled C-8A has sufflcient elevator authorlty to reach minlmum alrspeed
(CLMAX 1 g stall) and recover. Elevator to stall is shown in the statlc longltud»

inal stability data (Figures 3-1k, 16, 19, and 21) The stabllity degenerates at

noted this effect 1n the 51mulator. By staylng alert to these 'self-stalling

tendenc1es the pllots rated the alrnlane acceptable as a research test vehlcle.

may be very high for power-on stalls (Figure 3- T) In other cases rate of sink

actually reachlng many "1 g stall" mlnimum speed condltlons.

Characteristics at or beyond CLMAX are 1nferred by analy21ng the existing augmen— L

data. from the Ames Phase IV wind tunnel test (References and~3);g.r Lift
loss: beyond CLMAX is gentle as expected with leading edge slats. Sharp -

rolloff or wing drop is not expected. Pitching moment breaks nose down at
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‘.attitude,'power-on) than the original Buffalo.- This characteristic does mean

- Tight pitch attitude control is important, especially when tracking glide

stall with only some "flattening" in stability at Cr,,,. Pitch up at stall is

not envisioned, keeping in mind'the low stability levels prior to reaching

CLMAX' |

Tuft flows and pitching moment characteristics on thé Ames model haté been

analyzed by deHavilland. ~° - .. . Wing stalling begins at the
root and spreads outward. Body blowing was incorporated iﬁto the quei to

smooth out spanwise lift distribution. Maximum 1lift, CLMAX’ increased and

sfall characteristics improved. Body BLC has been installed on the Modified

c-8A.

Data on flaps up (Sf = 5,6°) stall are virtually non-existent, although they
are thought to be similar to flaps down characteristics. One thing is apparent:

the flaps up Modified C-8A reaches C at a much higher angle of attack (and
Lmax =™ ,

that the tail is at high angle of attack and near its own stall point at flaps
up VMIN_(see Figure 3-11). Eievator hinge moments shift at tail stall cag;ing
an elevator upfloat tendency which‘is‘exhibited to tﬁe_pilot as force lightening.
"P-tail" stall characteristics are not completely known. for the Modified C-8A
configuration. It is»deeméﬁ prudenétto approach flaps up stalls'with caution

vhen determining characteristics in flight.

Pitch Control Sensitivity

slope on landing approach. The pitch attitude time constant is proportional

to L= %XC\-%,_ } At 60 kt approach Modified C-8A pitch-time constant is
Qs .
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good with Ly = 148 1/sec, This value is the same as ﬁhe average Ld. for
conventional jet transports onerat1ng at twice the approach speed. Modified
C-8A wing loading at about half that for conventional jJets offsets.thebeffect
of reducéd approach spéed. Pitch response is also dependent'oﬁ elevator
effectlveness. Pilot opinion of pitch control effectiveness is related to
pitch sensitlvity (pitch acceleration produced by unit control column

displacement).

Figure 3-31 shows the effect of pitch sensitivity on piloﬁ rating from earlier
NASA/Boeing studies. Modified C-8A pitch sensitivity level at 60 kt STOL
approach is shown with the pilot rating obtained iﬁ the simulator sfqdy. The
Modified C-8A pitch sensitivity is about twice the average for conventional jet
‘transports at landing approach. The lower dynamic pressure at 60 kﬁs is offset
by effectlve, large -chord elevator and very low pitch. inertla._ Pitch
sensitivity at higher speeds was high enough to draw an occa51onal p1lot

comment in the 51mulator studies.

Maximum pitch acceleration with full aft column at the STOL approach condition

is GBmax = b RAD/SEC2. While less than the original design objective (which

is attainable with elevator trimmed at de = 0°), pitch acceleration capability

actually exceeds that of most conventional jet transports.

At this point, it should be mentioned that pilot induced oscillations (PIO)
were experienced in the simulator studies. All pilots experienced it at

various times during the tvo simulator test periods. '™ :’ .. - T il Tug.

Improvementé vere made to the simulator T.V. display, mptioh.§xstem and

REV SYM E BOEING |vo. D6-10381
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elevator system wﬁich reduéed the tendenc& for PIb. However, PIO continued‘to;,:f-
occur on occasion. Rapid pitching moment ihputlor change in flight condition
could set it off. The PIO period was approximately 3 seconds and the

amplitude was often nearly constant. These pitch oscillations could not be
induced without the pilot in the loop. A mild PIO is evident in the flap:
retraction maneuver éhown in Figure 3-29. Pitch rate oscillates for over

30 seconds duration due to elevator cycling. . It is thought that PIO is unlikely
to occur in the actual airplane; however, pilots are advised to be alert to

any tendency to PIO.

Landing Flare

The landing flare maneuver is more difficult from STOL approach than conventional
for three fundamental reasons: steeper glide slope angle, lower airspeed, and

stronger ground effect.'

The STOL landing design condition for the Modified C-8A calls for VAPP = 60 kts -
at ¥ = -7.5° compared to VAPPE: 120 kts and X' = -3° for conventional Jet

transports. Design rate of descent is 800 fpm (13.3 ft/éec), which i{s about
one-third higher than cogvegtional. “Sink rate must be arr;sted in the flare
because the landing gear touchdown limit is 12 ft/sec. Thé steep approééh
path results in nose-down body attitudes in coﬁtrast vith ﬁast-Jet §ranspofts
thch approach slightly nose up. Rotation in the flare is mgndatory to prevent
hitting the nose géér first. The requiremeﬁt to arrest éiﬁk rate and rotate

_ cails for load factor to bring flight path nearly tangent to the rﬁnway at
touchdown. (A 3 tb L rt/sec touchdown sink rate is considerequéasonable.)

Flare initiation altitude increases with steepening glide §10pé for a given load

REV SYM : - BSOEING |no. D6-10381 >
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' | i = any = ,
factor flare. Using a typical flare at i, = 1.07g ( 2o1are 07g) the‘
Modified C-8A must commence flaring at LG to 50 ft altitude, roughly double

that of conventional transports.

The second factor, low airspeed, detraclts from the ability to generate load
factor by increasing g.ngle of attack. Conventional flaring is done by pitching -
up with elevator to increase lift. Angle of attack increase required to aci‘xieve
a given load factor is inversely proportional to Y\%d-.-. T—\%\Zﬂ% . Conventior}al

transports average ©Wgz = 3.5 g/rad at approach compared to Y\zdﬁ 1.5 g/rad

. for the Modified‘C-BA at 60 kts. The Modified C-8A must increase angle of

attaék by over twice that of conventional jets to flare at the same load factor.

' Finally, adverse ground effects hinder the flare even 'further. " Near the

ground it becomes increasingly difficult to generate high lift coefficients
because the presence of the gound restricts the upwash flow field to the wing.

Addition&l 1lift degradation is produced if the jet sheet from the flap and/or

direct hot thrust flow impinges on the ground. At the .sa.me time the downwash

flow field at the tail can no longer "flow downward" due to the ground. The
relative angle of attack of the horizontal tail changes producing a nose down
pitching moment shift on the airplane, requiring up elevator control input.

In contrast, conventional jet transports approaching‘ at moderate lift

coefficients experience little, if any, ground effect in the flare.

The only ground‘effect data for the augmentor wing configuration comes from
the NASA Ames wind tunnel testing. -~ - -~ [..7. Figure 3-32 presents the
effect of proximity to the ground on basic aerodynamics for the—fla.ndihg

configuration tested. The lowest height tested was h/c = 1.3 which corresponds

| R ;
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to Modified C~8A h e = 4 ft. Data show a reduction in lift-curve-slope

gear
resulting in 10% lift loss relative to free air at®=10°., The 1lift loss is
of the same magnitude as flare load factor. Maximum lift capability is also

restricted., At constant lift coefficient drag is increased due to increased

angle of attack. Pitching moment shifts as wing 1ift and downwash are

affected. Airplane stability in ground effect is increased because downwash S

angle no longer changes with angle of attack. The magnitude of the‘pitching
moment change is about the same as that for an'elévator control input of

ﬁSe = 20°,

EXisting wind tunnel data also show the following trends:

1. Ground effect is negligible at bA; = 2,1g corresponding to hgear = 16 ft on |

the Modified C-8A,

2. Ground effect becomes less severe with decreased blowing coefficient, Cj

(i.e. reduced lift level).
3. Ground effect is much reduced with hot thrust nozzles rotated aft.

Lk, Ground effect on lift was virtually'nonfexistenf by rotating the flaps

back to SF = 50° indicating reduced jet sheet effect.

" 5, Ground effect on pitching moment was evident in all data, but about.halved

at SF = 50°,

Considérable speculation abbunds_about actual Modified C-8A ground effect

severity. There are valid arguments that the wind tunnel data are pessimistic

due to the effects of wind tunnel boundary layer and relativei§ low hot thrust

D1 4100 7740 ORIG.2/71
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nozzle location on the model. Nevertheless, the trends seen in the data
have been seen before (e.g. see Reference I2). It is expected that at least

the qualitative features of ground effect will be seen on the Modified C-8A.

Elevator to flare using the standard technique (pull back on column) has been
estimated. Figure 3-33 presents elevator‘requirements for STOL and conventiocnal
landings. Considerable elevator deflection from approach trim is necessary for
_'the STOL landing. Conventional landing flare should preSeht no ﬁroblem.

With the spring tab modification, stick force at flare is well within "one'—_l'm.nd"‘I
capability. While Figure 3-33 shows sufficient eievaior capability, actual
1STOL landing flare may be hampered by limitations on ma#imum lift and body

attitude.

STOL landing flares were studied uéing the similator. The pilots had difficulfy
with the simﬁlator visual d splay which adversely influenced their cépa.city to
judge flare initiation altitude. For the sé.ke _bf simplicity, a single set of
ground effect characteristics, representing the most severe wind tunnel data,
‘were used for all landings. At actual approach flight condition the simulated
ground effect influencev on ving 1ift was roughly 50% over the co;iespon.din'g"
wind tunnel bincrement. Even with these sfxorf.comirﬁgs, the éimuiator pfévided

insight into the landing flare maneuver.

In general, simulator flaring was begun between 35 and 55 ft altitude. Nose-up
rotation achieved attitudes between 3°< ©< 6° at touchdown at angle of attack
between 10°40<F<lh°. Lift gained by rotation merely offset lif‘t.loss‘in_

ground effect. Flight path mgle was still about ¥ = =T° at tovchdovn. Very

little load factor was _éenerated in the flare. Airspeed bleed-off vas about 3
to 5 knots in the flare. Touchdown sink rate using full "simulator" ground
effect averaged 8.8 ft/sec for 45 landings.
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Upon recognizing the severity of the landing flare maneuver, reductions were
made in the sinulated ground effect. Drag and wing-body pitching moment effects
were put to zero since previous investigation had shown these terms to have
little effect. Lift loss was reduced by 50% (to below wind tunnel levels).

The downwash changes at the tail were left at full value. Figure 3-3k shqws a |
typical elevator flare into thls level of ground effect. Full elevator was
used to generate the desired change in attitude and angle of attack. The load
factor was still small (‘“gm&¥ﬂ= 1.05 g) and touchdown sink rate wvas high.

With further trials, the average touchdown sink ratevwith modified ground
effect came out ﬁear 5 ft/sec. All iift loss in groﬁhd effect was removed from
the simulation, and theeverage touchdown sink rate remalned near 5 ft/sec. Even
with mild ground effect m 1lift, Modified C- 8A STOL landings are apt to be "flrm

even using full elevator.

Landing flare characteristiés are one of the research 6bJectives for the Modified}
C-8A. A number of flare techniques using thrust and nozzle rqtation were
practiced on the simulator. Advancing throttles in the flare increases 1lift

directly by increased jet flap blowing and by direct hot thrust since the

nozzles are at v = 90°, (Throttles should never be retarded in the flare in
the powered-1lift mode) The pilots took advahtage of this feature, Figure 3-35
shows a lanling using this technique which reduces elevator required to flare and

allows flare to be initiated at lover, more conventional, altitude. Touchdown

sink was quite low using this technique. Using power to flare réquires

careful timing - and precise control coordination.. With the proper aids or

systems the powered flare has good potential.

D1 4100 7740 ORIG.3/71
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A step—by-sfep approach to full STOL landing is recommended. Conventional
landings at $F = 30°,7 = 6°, Vapp = 90 kts,¥ = -3° posé.no problem. . Testing
should proceed carefully to lower speeds, higher flap settiAgs, and.steeper
approaches. Hot thrust vector smgle should be lowered by increments. In this

way‘landing flare and ground effect can be assessed safely.

D1t 4100 7740 ORIG.3/71
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"At STOL approach the hot thrust vector is perpendicular to the flight path

(V£ 90°). ' Thrust vectoring effects on fligﬁt pﬁth and body‘aftitude'haﬁe

been shown in FiguresB—lT and 3-18. Transient reéponse to.nOZZle rotatioﬁ ﬁitﬁ‘
piiot épﬁﬁrolling eleV#tor is shown in Figure 3-h1. Nozzle rotation initially
déusesAfhe airplaﬁe tosettle as direct lifting force is remo&ed; Subsequent
airspeed and angle of attack changes result in stabilized'climbing and aescending
conditions. Attitude change is "correct". Pitching mément due to thrust orieﬁ—

tation (nozzles are below and ahead of the CG) must be counteracted by'the:pilot‘

‘to prevent stalling. Smaller changes in nozzle angle were used in the simulator

for glide slope tracking. Transient effects in speed'and elevator were then

smaller. The pilots found that nozzle rotation took the place of "throttles"

at STOL landing approach.

Cross chanéesrin'flight path are possible by rqfating,ﬁbzzlés.fully afﬁ and
increasing‘power éeﬁtiné. The trahsiﬁidn'to'a‘twq—eﬁgine go-around from STOL
approach ié shown.in Figure 3—&2. The transieﬁt-characteristics sﬁown in
Figure 3-40 and 3-L1 are seen to combine in Figuré—B-L?. The‘airﬁlane pitched
nose up, incréased speed, pﬁlled iogﬁ factor and.climﬁéa‘away - all conventional
characteristics. The pilot, howe#er, had to usé qohs&derablevdowﬁ'eie#afor tbi

maintain trim. Positive climb gradient vas achieved within 5 seconds of initial

>épntrol input using about 80 ft altitude. Subsequent modifications to fhrottle
and nozzle control handles allov simultaneous control inputs using one hand. -

Two engine gb;around can be effected with very little éltitudeyloss»ahd with

more-or-less conventional transient response. g oo
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‘path and/or airspeed.

3.k Dynamic Stability and Control

The dynamlc longitudinal stability characteristics of the Modified C- 8A vary
from "conventional" at cruise to highly unconventional at STOL approach. Low
alrspeed fundamentally affects frequency and damping: short period is no longer
"short" and phygoid period is no longer "long". Aerodynamlc characteristics are
dependent on speed and power settiné‘through the jet flap. Direct hot thrust
effects are strongly felt at STOL spéeds. The propulsion éyétem ﬁroduceé normallf
force as well as axial force. Vectorable thrust adds a new dimension to
fransient response. High induced drag effect produces considerable spegd

change if angle of attack is changed. The'simulator, with its non-linear data

_base, provided the most meaningful insight into dynamic response.

The most conventionél flight mode is”éruisé’Qhere flaps are up and power effects
are minimum; Figure 3-36 shows the response to step column input at 155 kt,
flaps-up cruise. The short periocd has about a.3 second périod and damping
ratio of J=.5. Phugoid has a L0 second period with § = .05. The separation

between short period (attitude) and phugoid (speed) permits conventional

short term control of attitude and flight path using only elevator. Airspeed

changes little for the first 5-6 seconds and n, crossover takes 11 seconds.

A step increase in throttle at 155 kt cruise is depicted in Figure 3-37. With‘
no pilot input to elevator,the airplane pitches up into a climd (thrdst line
below CG) and slows down approximately 10 kts. "If the pilot holds the nose down
(push\forée), the airplane would accelerate in speed. ' Thrust ehanges with

nozzles aft produce conveniional response for long term control of flight

REV SYM - ' :,i ' BOEING |No. D6-40381 ‘ +
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Nozzle rotation downward from the aft pbsitibn'acts essentially like a
decrease in power setting at cruise. The flap extension maneuver shown . -
previously in Figure 3-48 jllustrates how the pilot may rotate nozzles to

bleed off speed.

Transient response at the other end of the flight envelope, 60 kt approach,
is considerably different fhan.cruise. Figure 3-384shows airplane response
-,to a trailing edge down elevator step at 60 kts. The "short period" is highly
damped (P & 8 sec, § = .8). Airspeed change is immediate. ’Actual fesbonse
seen by fhe pildt is a siuggisﬁ combination of cia;sical short périod and
phugoid modes. Figure 3-39 shows airplane response to bulse and step trailing
edge up elevator inputs. Again speed changes are immediate. ‘Initial response
is in the correct direction, but an increase in rate of ¢climb turnsiinto a
decrease as speed changes. This is typical of "backside" flying. Low static
stability (see Figure 3-19) is evident in that.only.a small trailing edge up
elevator step (h2e = -2°) is required to stall the airplane. The airplane
can no longer be flown cénventionally, using elevétor alone for modulation

of flight path at constant speed.

Résponse to thrust change ié no lonéér conventional. Figure 3-40 shows a step
power increase at STOL approach from the first simulation period. With flaps
and nozzles down, thrust increase produces normal forcel(lift) instead of

akial force. The airplane heaves-ufward pulling load factor. Angle’of attack
réducéﬁ by about aX = -9°, and the airplane went into its phugoid (no pilot
input to elevator). Average spged was actually less'than the original trim
value. Agtitude was more nose down. Unconventional attitudé;éﬁénge (seev

also Figure 3-18) was regarded as "unstable" by the pilots.
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The ailerons droop with flap deflecticn to impfove lift and drag. Figure: i-5
presents the aileron droop schedule. Optional cdpability for increased .
droop angle is available ac.chown. antrol surface programming with pilot's
wheel is shown in Figure U-6, Aileron programming has been made nearly
linear, - - ° 'S"hax = 75° to maintain good mechanical advantage in manual

reversion. Tight spoiler programming is provided to minimize aerodynamic dead-

zone and achieve full control input with less than full wheel for better roll

sensitivity. Augmentor choke deflection is delayed with wheel deflection to

maintain clean flap geometry and minimize 1lift lcss for small control input.
Wheel position is fed forwardvelectrically'through the SAS to double the
system gain for the first 3°$Sw. This system feature was added to offset any

mechanical and/or aerodynamic deadzone which may exist in the system.

Boost~on lateral control feel and centering forces are shown on Figure L-T7.
One-hand control is easily possible. Full surface travel is possible within
1/2 second, and control wheel rates up to 200 deg/sec will not cause the valve

to bottam in the central power control unit. Lateral trim authority is quite

adequate (see Figure 4-T) and trim rate exceeds Sw > b deg/sec (per pilot

requests).

The Modified C-8A lateral control system is quite effective gerodynamically.

'Flgure L-8 shows that rolling moment coefficient at landing approach is 60%

larger than the 737 at its approach condltlon. Note the "convex" shape to the
rolling moment curve and the steep slope about Sw = 0°, These features were

purposely designed into the system to satisfy design criteria deemed essential

_for STOL flight. Yawing moment due to lateral control is very small at the
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indicates that basic sideslip characteristics are well behaved with the

i.e., QAP== 0. While this adverse characteristic may not exist in flight,

lift coefficient results in a large amount of rolling moment due to yaw rate

4,0 LATERAL-DIRECTIONAL CHARACTERISTICS

k.1 Control Features

Estimated lateral-directional aerodynamic data for the Mecdified C-8A vere derived
from wind tunnel testing, basic Buffalo‘characterietics and theoretical methods

(dynamic derivatives) wind tunnel testing of the augmentor wing model

exception of 995. NASA wind tunnel testing (References 2 and 3)

revealed that there may be no dihedral effect at STOL landing conditionms,

wind tunnel testing of a jet flap model (References 12 and 13)and a BLC model
(Reference qu)haﬁe revealed the same trend. It seems likely that dihedral

effect and related dynamic problems will indeed occur. At the same time high

(Cﬁr)’ and spiral stability degenerates. Other dynamic cross-coupling effects
become more pronounced at STOL conditions. Leteral-direetional‘handling
qualities are poor producing the requirement for poverful flight controls and

a stability augmentatioﬁ system.

Lateral control is provided by a combination of ailerons, spoilers and
aﬁgmentor chokes. Typlcal rolling moment data for each surface are shown in
Figures h-l? h-? and 4-3, It is immediately evident that lateral contrcl pover
is dependent on blowing level as well ss surface deflection. ‘Even aileron
hinge moment is a function of blofing level as shown in Figure L-k, (High
hinge moment slope dictated~the geared tab feature to make manual reversion
feasible). Lateral control requirements influenced flapland aileron blowing

distribution across the wing span to assure adequate control at STOL conditions.

REV SYM , BOEING |no D6-10381 N
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vdesign landing approach condltion, hovever, both favorable and adverse yawing

'too much rudder at cruise conditions.

5 Cn
characteristics are found at other conditions. In all cases ‘>C11<: 2 .

Lift loss due to lateral control is proportionately less than many airplanes
due to outboard spoiler location. At the design approach condition
AC\_::.-A- (}o"/o of %f'g) at full wheel with most 1lift loss coming from tﬁe
augmentor choke. Effective center of rotation lies within the width of the
fuselage. Optlonal surface programming capability is ava11ab1e and hydraulic
power .to surface pairs may be shutoff. Rolling moment with vheel may be

varied for lateral control testing as shown in Figure k-9,

The Modified C-8A also has a powerful rudder for crosswind and engine-out control;
Fin 1ift produced by rudder deflection (Figure L-10) is about 60% greater than

the conventional rudder on the T737.

Pedal force from the feel-and-cenfering unit is shown in Figure.h-ll.‘ The
pllot has rudder trim for 1/ pedal travel ( SFVVG ) which is barely adequate.
Rudder authority is 1im1ted at speeds greater than 100 knots by hydraul1c boostv
hinge moment limitation (blow down). Enough rudder authority exists, even on

one hydraulic system, to trim an engine-out condition. With both hydraulic

systems operating, the rudder lms capability to generate excessive sideslip

angles and fin loads at speeds above 100 knots. The pilot is warned not to use

REV SYM En BOEINE |voD6-10381 N

. IPAGE

k.3



.

a
: ro...!u,:ao,u J?Q&Jé ° I M o | .M
¢ SNOBIUY BNS - ...u ) Co .0
w P 00 I,lvﬁ.‘ _ o w M
L v T GYLON @ T i I
L MLNQ S3UY Wodd Q3ABQ e )

s

] BNIM Lamn
| NGO .HNIGDNMoa -

T

4.4

ALBANERE 954

@

D¢-40381
PAGE

F\G 4-1

KE

A\LERON EFFECTIVENESS
THE BOEING COMPANY |

DATE

.._.Z mzo_).
SONITTION

SN
h ,.

REVISED

SP\TZER [2-8-12

E A Rt ...zamuJE mJGz_n.m

\2-\\-?0

¢ SSINIAILDA443 NOHIIY aI

}U_>u,ﬁ (P(O U.Z(Z&.O‘O«.m( T

CALC |sPyTZ2ER

CHECK
APR

APR
AD 461 (-R6




,“&XNhU n! nv .-
JWJ.O&W QN(H3g NOU3 Y
ol sNiv.in3d
. °o|l

8.5 G0

4.5

PAGE

Y\a4-2
D6- 403\

1950

TRAZ.AG Pasgs

ALBANINE

®

KE

SPO\WLER EFFECTI\VENESS
THE BOEING COMPANY

DATE

i
X
o
|

pe .‘llw! tfl‘q.v!wilil..t -

REVISED

ENJ ~0mww\ .

. m _”

-0

-1\

12

sSeYvzewr

.
'
1
f

CHECX
APR

APR

AD 461 C-R6

CALC

(>
5



TN N4 3500
~iv g
oSL =98¢

v

H

AMIIAIY 40 AAIS ANO NO
$4912 Mo avmong = VI,

YANG' $3WV WA aansaq 0
‘. — .. ”
cieip il o

. v ) Pevp oo o It
! i b f .o Ll | v,
I ) t ' [T o : '
s Yo b : N SO DR
H y - ' . . ot w.; L L] “
i . ; A R
) ! S T . H .
SR R PO R 0 U IS O
. PR e L .L ” g e
| ' ‘ L

PRV

| 2uNS010 LIN3o¥3d = Hoe -

SR _zo_.rumJu_uo AMOHD .mo.erz.uE*

R
. o®it o5 irltiop. llogitiiot "

Fla 4-32

'DL-‘4933\

PAGE
4.6

iy
L0 e
e R o Smae Sl

.
PSRN t‘:wl« N
T

.j':"s‘"“%‘.‘

: . ol
R '
f DNIM AHDIY
A 4
P | No da "M
Lt R
S " _ R
SR (o i <
T e
B L
e I AN
. e
._ : . “ . —. .. ,
DN ! ' 13
A X SRS TS U O
REE S SRE g
. m ; M E ol
M . V. .
v b ol i R
DR BT
: ‘ . ! N
MOYLLY 40 TONY “ !
VIUDIH 1M VAVLS e /
e DN LaouRY
SIS SO S A S ot e, AP S
i w o
R e s aat TR fsmwu‘ e . PR
. FRIRA i ;. L.
O T - _1
S S oL
[ A SR P .
i Pt P
i R

._vz.m_).o

tzo4|v04

.uz,..jom :

AVGMENTOR, CHOKE EFFECTIVENESS

THE BOEING COMPANY

DATE

REVISED

_mwm2m>_._._u.mmn.m mv_o:u xckzm£63< — M3IA3Y <.r(a

U:ZtZ?DOKM(

n-u-tro

SP\TZER

B R P - e -t«..t.t.“{l.u.ksri, e R r;l-_ e .-
: .- [ TR . IR : R
] Co M. R B ._.,W.; bt : m.mnn
' ot [ x a
i MEBEEIR
-~ - ~
_ - .

S G2

Y

a
{

ALBANINE 1951 3
TAALIAG Poidy

K-E

AD 461 C-R6



t ) ‘
T
R
[ ' _;..
ST
' * !
d
- 4 .
it !
' A
N

C=&Al

O

f '
[ SO

 ESTIMATED AILERON RINGE MOMENTS

 MODIFIED

NO- TAB

BASIC AILERON,
2.REF: AMES DATA (DHC &2

i NOTE )

1) AND

i.

b e s
VLT

R.A.E. TR 811

P
—f—
HE
b o
+

__ .
¢
A
- :
1. %) e
i ofV
(o]

W‘., "1 IS
N

o i 13
o

.

AILERON

COEFFICIENT

: 50 "“,

40

Sa

—~ DEG

D AT

Fia 4-4

D6 -403%)

PAGE
A1

A\LLERON WI\NGE

MOMENTS

THE BOEING COMPANY

DATE

REVISED

SPVTZERH2-1-70

CALC

CHECK
APR

APR

T30 o ]

«

2.3

el Parte

®

ALBANENG to32

K-E

AD 461 (-R6



w3aQ — 3]

. Q- oL

c

TIDNN dN1A RAOALNDIWVWOANY

o9 oS Qv = Ot

NN

: T :

i 1 '
e D .
i o

:

o
¥ Vop e
SIPRTT E EE
t

1
PR PR
v

H J JIZ,ZO_*Z.M‘

S 1
Pt

S

! i

g

R CON NG ADOBL

_ - _z{x.: AQVAAQA N3\ |7

R R —— — !

: S b . . t«A e e .~!.,“ —
SRR S P e w

"'MoOD ¢&-SA

T T !
Oﬂ\.;.;_... .M.d : —
i ..r,...m: ; wﬁ o
Vot cob oy
.r:..f.} L.

o

OF accwa
CoNoORIRWY
TIEOALDWKWAS

.

-

NUPISSEIPON S

F\@4-5

DL-40381

PAGE
4f. 8 .

AILERON DROOV

THE BOEING COMPANY

DATE

REVISED

3-16-T\

ILP\TZER

CALC

CHECX
APR

APR

AD 461 (-R6

G000

ALBANERE 1951 35
T  rces e

KeE



DR\ TRy RN,

ANENYACER g rODZ. oA

X

A\vovd m :

(inuwdraw)

T
oS = g .
; . oNwWwesosd yeaans | )
. o ) o =
RTINS q
[} t i

.....

T NWNEDOBA NI
1 Svsavannow

L Vrek

. -,rtu._xtz Hpen
e

) i
oo .
; W “t ;
B IS N
R g

-

H .
"t

P i N
N N
e ] e n ek b e cnm

: BEARNA NN - > =7 T
I.WU.Q.DAUQ.W QL. ~ V=AM

Fig ¢-6

“1Db-40384
| pase

4.9

WHESI ~ O - SOURFASTE:

PROGRAINMING WT

E—\.ECV&\CA.L_ CONPFEAGRSI RN

‘THE BOEING COMPANY

DATE

REVISED

i

6.\ T\

SPOYZER, :

CALC

CHECK

APR

APR

ALBANEINE 10858
ThAZIAR Pasxy

®

KE

AD 461 C-R4




- LadL0o
R T 10ANOLIN
P A AWIRYWW

B .
: [
'
- *
, .
N H .
: } .
N ‘ +
PN
. . R | )
. Lo, i
N i . .

[ o [
PR F— |
[ ! ..w R Vo

. e b
. ; . i :
. . )
. : - SRR .
RS P
: . o
N 1 N 1
1 . 7 [
- Ll ..‘:“.:. ..
i H - A by

N Awudou pEETAN
s .ro..:.uii.-.:f

-

1
bt
e e

R

i

B

-.'L..h_;_.‘......_« Lmener

A _

i N ‘-
: ,

Twlr...ao«w w w\u

1
ta e
T

ﬂ.o.o,ku,uu urr&.r.w ] .w.roZ

F\G 4-7

PAGE
&.\0

-BOOST-0ON

SRAL

VAT

FeeLk CENTERWG FORCES |pi-go3s)

THE BOEING COMPANY

DATE

REVISED

SPYT2ER3-16-T1

[-26-T1

. R -
e R BNRAINDD F @RA | ¥
e e e e T AQRANOD WA 2
CEDSIPR : _ . — -
RNt el
L 3[3]%%

8.5 G-aC

ALBANEINE t9SL

®

AD 461 C-R6

TRAC:mA veren

KE



t
3
'
: o8
. . 3 :
ER
- ' N :
r
g e, [
H s 1 [
R
: - A,bru&?,
\ . . [
: M
R _
. PO
t f . .
¢ ! i :
..L b H IR
[P :
i i

- OB e
R :
- .
{ ! BN
* ‘
' . ot
! AR T i
- - g
‘ 1
N
+ -
'
'
T

HN«&M.QO. LAY

: «uwﬁ ~

i
; ) Zﬁr—o
A :
1t f..\
D +
..Ta&“i”;w..:..z.uw:,
TR
[ P
) + H
;
Ty t ¥
!

A \ F
. M .-

"8

Q9

'hasgonLny M. _

mJﬁuZi JW.NIZ/

5 . ¥ 1 L T : } S
. (I ? B e A r. +

. i o . 1 -1 ' oo
« ; I . ' ' ' . .

. [ ; ; Cohy
Lo .,, SN SRR ,~ . P
i - R .

§ X o
i

w ko.:a Pty

! B
- un -
. P i
i HESH o
: A [
.- [P SO S S .xxwl.

g
RN ' :
; ‘:v.._.!o.w ® io.kdquWuu,a e (m...u Da$
: ..H.w .. SRS

: uﬂ4..

uwm\aad L~

HOVOHAdY DNIANN | AV S
SSANINLLIRAAR , TOUANOD  WIHALNT | 7 i

™MOD EBR

n...,‘

- -74...._.,-._

A s

L3y ‘A320D
SLNAWOW wn
SN\ \OY |

u,Z,azrD Od..w( i

v

S S O S B
4 ; ux T -

i
+
b

Fig4-8 | :

Db-40381

PAGE
B A

LATERAL CONTROL AT

LANDING RAPPROACH

THE BOEING COMPANY

DATE

REVISED

10f29 |71

il

SPVTIER

CALC

CHECK
APR

| Arr

TRATIAG *artn

ALBANERE YesL
®

KE

D1 4100 3240



: T " : DA ) S :
' .

. sdonnd

TOWNN L NBAMM

nuuo mujpadorz
ANOMD § VNS
KNG swamawN — T

(@30 sovawmaan: b
AN 0LS) INOKUD
* sNewN -

AUTWOLS A3NRQ

MOD B8

PAGE

4.2

LATERAL CONTROL . EFFECTIVENESS] F'@ 4-9

Wi

VARIBRRLE SURFACE PROGRAMMING {De-401w\

THE BOEING COMPANY

ALBARINE 1981
P recem s

KeE

1 ranawmiaaaos |
_ _ o R o AN3wow | °
NOLIBIAIQ INOND & ” :,_ - ANV g . ST awWNNTeRI T,
NOAI Y AISVIAINL . o iNawasnsav. 5 L R ‘ _ RIS o
; Jdu,241uw£ U ...Wo Sada -.W.:..w, ON..-..u:“eMW_.Wmuod.w,q m
- - T “ y ;- ... o LT "SAN0D s _ : - R m b L
: ERE b LI R ‘ Iuiodamd JZEZI_J A = =
w _A _ ; Cresiiem o me ap ey N ...vx . - M i Rl 4 ‘, : W
_ DMILSIL NOBPLNOD TWEAALN | peh Y
SRR - 21013 . . ’ Tl
S - ONIMWNRAO0US BIWAANS .MJ&A,M4> : 19 3
R ; v ' ] m ol 3
_. HEHEE Y




2ALYS >OBAY a2

- e e

R AEE

,I. -m.t [ ,... d
S S

| - : HOYORLANY DNIANYT
_. : .....; . ..« - “ : N . - l"¢ U

M .

' ! . ' . N § !
9ag ~ *3 ¢ anonv A3AANY
sz . 0Q2; . "S\v o

‘

B

SSINIAILDIAAT BIAANA |

oo

St

D6- 40384

PAGE

4.‘3

RUDDER EFFECTIVENESS COMPARISON| Fig 4-10

(LanDInG  ArProncn)

THE BOEING COMPANY

DATE

REVISED

CZERTENLINECT TR

Neve Ty

, .. .“v-..... Zau . - .

SPIVTZER

CALC

CHECX
APR

APR

Th S rered

ALBARINE 1980
®

K-E

D1 4100 3240



{RUDDER- PEDAL. |

o

) S

l

i
i

+

[ PRED N WEDRVY A SR )

q

Ll &

-t

~ PEDAL

~ !!‘isr. T

tTRAVE?’!—

1
+
i
t

T

A N1V 1
* . v

“1‘.

TRIM Au'rﬁdm

e 3

H

i M -
v ._

o PEDA\..

i
i

e

o

Vo
g S

Beeat

D
.
i
+

—t

MOD C-8A

FiGg -1\

D6-40531
PAGE

4.14-

RUDDER GEARING AND

TR CE

PEDAL

THE BOEING COMPANY

DATE

REVYISED

SPITEER

VPaer [2)1)1

CALC -
HECK

C

APR

APR

DWN

6.5 G200

ALBAKEINE 198y
TaACimG Pares

®

KeE

AD 461 C-R6

V¢



S ~ 3N CQmadswuw |

i .
i i

% Q31 - oM  Of\ o2y .o: ' ool “ob . - Q8. oL

Aoun Y=y J..\..u BWaAMOd
J 7 I RONRDRBWE T 1Y OB LNOD
D roo,mz..dz.w_dou Waaana

-4

] az:fmmouu Moz
. .T;.dou Mwoaauft

_
T
. M +
e L L T

ST
. *;.;

, o w\ )
@Moama®) Ly 1soog
dNAYAARH AN Waaana |
U EeYWAY WO IXTW =

g

1
4
bl
o oonabg
A T

AALLAARQ MHWDDDM MO DY W

S Po».w:.WN:/OWM A3Aa0A

T oL

“ . | . R R

7O AT NN IR
S - e - . . e Al .,-"i-‘r..l't.iulo...,.

R
N

1 .;

MO CRA] -

‘NOILY343d ¥3aany

B

®3a ~ ‘dg

F\Q 442

Oc-40381 |-

PAGE

4.‘5

t

-

RUDD

c %Lowbowm

THE BOEING COMPANY

DATE

M
V

REVISED

-C-72

SP\TZER |2

CALC

CHECKX
APR

APR

5.2 awp

19855

ALBAREINE
Tazoes serga

®

K-E

AD 461 (-R6



AD 1346D

4.2 Static Stability and Control

With its powerful rudder the Modified C-8A hgs capabilit& of achieving large
sideslip angles. Figure L-12 presents sideslip-to-rudder characteristlcs at
the eritical STOL approach conditlon. Maximum rudder yield316>-25° based on
extrapolated data., Such angles appear feasible since U.S. Army flight tests

on the original Euffalo (Reference 1L) showed cépability at/2>20°,from 65

to 109 Kts. The wheel deflection shown in Figure L4-13 corresponds to two
anticipated éxtremes in the value of q&s. Data at landing flaps indicate.

that Cy, = O while theoretical estimates would show c)q/s = -.00k/deg. A
“statically stable" airplane requires right wheel for left pedal in a sideslip.
With Clﬁ. =0 an "unstaﬁ;é" left wheel input is required fo offset rolling
moment due to fin lift._.In fact, the airplane will appear neutrally stable at
C}ﬂ= -.OQl5/deg. A§ 60 kts éerddxnamic sideforce.is relatiygly small qompared:
to airplane weight, thus only small bank angle ig required to maintain straight

flight path.

Crosswind requirements and airﬁlane éapability are shown in Figure 4-1L. The
Modified C-8A can handle a 20 kt crosswind -at 60 kts usiﬁg less than full rudder
and much less than full lateral controi. It should be note& however that the
" basic Buffalo exhibited some undesirable T-tail flow separatlon characteristlcs
at high 51deslip angles, Vortex generators were added to the fin and horizontal
tail Fo remedy the situation. Until the Modified C-8A is fully tested, a 10 kt

crosswind limit appears prudent for STOL operation.

Lateral control power is needed for two other static condit1ons eng1ne-out
trim and fuel unbalance due to pump system failure. Engine-out control is
given special consideration in Section 5.0. Sufficient lateral cont rol exists

to trim the worst likely fuel unbalance condition (Figure 4-15).
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k.3 Maneuvering Stability and Control

The Modified C-8A has satisfactsry lateral and directional control power for
maneuvering on the critical STOL landing approach. Control power was evaluated
on the simulator using "S—turns” on landing approach with moderaie fu}bulance
levels, Figﬁre 4.16 presents maximuﬁ rolling moment capability (C}max) for
variations in speed, flap angle and powver setting. Since surface effectiveness
is related to blowing coefficient, cﬂmax changes significantly with speed and
powver. Superimposed on the figqre are lines of constant roll acceleration at

reduced roll inertia (Figure 4-17). Time required to achieve a @ = 30° bank

. angle is less than 2.5 sec with SAS-improved roll time constant. Bank angle in

the first second will exceed Gl = 6° with SAS. - Steady-state roll rate is in
excess of 20 deg/sec even with some controlipower used by the SAS for roll dampin

The Modified C-8A meets its lateral control design criteria,

Good lateral control sensitivity,%&gw; was deemed most important by the:pilots
who flew the simulator. A number of changes were.msde in the course of the desig
cycle to improve the lsteral control system. Figure L-18 shovs the progression.
The trend to increase aerodynamic rolling moment for small wheel deflections vas
complemented by reductions in roll‘inertia (Figure 4-17). Pilot rating of lateral
control sensitivity is shown in Figure 4-19, The current Modified C-8A design
level is noted by the-arrow. Lateral control sensitivity is now rated as satis-
factory. (Evaluation of sensitivity levels is possible in flight test by the

features noted in Figure L-9),

Rudder control power is high. Figure 4-20 presents instantaneous yawing
acceleration due to full rudder and heading angle change.in 2.2 sec. - The heading

change maneuver was calculated including the effect of yaw damping from the SAS.

o

At 60 kt approach the Modified C-8A meets the design criteria and has more than
adequate control power for decradb on the crosswind landing.
REV SYM BOEING lNO. D6-40381
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i Beyond normal maneuvering requirements the lateral and directional control

systems must have sufficient capability to handle certain failure modes.

Hydraulic System Failures

The lateral control system is powered by two hydraulic systems. Part of the
control capability is lost following a single hyaraulic system'failure.‘”Figure
h.21 shows‘this control degradation. The condition of spoiler hydraulics
‘faiIEd was evaluatéd in the NASA-Ames piloted simulation and found acceptablé;
If both hydraulic systems fail, the system reverts to direct manual control
over the ailerons. In this instance the pilof must also overcome aerodynamic
hinge moments on the ailerons through the unpowered central pover control unit.
Figure 422 shows the cont:ol power.avgilable from the‘dilérons at a wheeiv
force of Fw = 65 1bs. Lateral acceleration and roli rate capability exceeds the
_ criteria.for emergency levels at 85 to 100 knots. Manual reversionn(eléVatbr |
and aileron control) was tested in fhe simulgtor and found flyable.althbugh
some rudder éontrol, which is unavailable, was considered desirable; The wheel
force/aileron gearihg wiih control wheel deflection is also iilustrated in
Figﬁre 4-22, High friction levels and‘deadspgces produced by the cenfral
power control unit valve travel result in non-uniform control characteristics
and poor centering; A similar system exists‘on the 737 and ﬁas been acceéted

for double hydraulic failure conditions.

Lateral Control System Cable Jams

‘The lateral control system is designed with pogo springs, shear-out points
and dual control cables in the wing. FAR.XX.6T1 requires control over jams
for control surfaces in a "normal" position. Potential jams of this sort would

result in one spoiler jammed down (8sp = 0°) or one choke jammed down (SCH = 0%)

-AD 13480

" or both ailerons jammed in their drooped position (fa = Sa‘DROOP)' Because the

REV SYM BOEINEG |voD6-10381 +
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 lateral control system is composed of multiple surfaces, a jam at neutral poses

no significant problem. In fact, in most cases, a single surface can be jammed
all the way up to its maximum deflection without running out of counteracting

control power. (All flight controls have a number of single—load-oath elements,
which could cause loss of'the airplane upon failure. Original Buffalo components,
i.e., single cable runs,'are simple and straight forward in design. The remote |

chance of such failures has made the risk acceptable).

Flap Asymmetry

Failures in the flap system which could produce asymmetric flap conditions are;“
generaliy remote., The flap system is rotated by two hydraulic actuators on -
each panel. Hydraulic power is supplied by both systems alternately to each ;f;:,’
actuator so that each flap panel has dual power source. Position control 13."
through a single valve in the body (dual hydraulic). Outboard and inboard flap;fi
panels are mechanically tied together, and a large torque tube ‘extends through

the fuselage to interconnect the flaps across the airplane. In normal operat%on‘A
the flaps and aileron droop move uniformly with the structural interconnectioner'
eveninngut any differences in airloads. It is conceivable that the flap
interconnect between inboard and outboard panels could break. Positioo feedback
to the flap control valve comes from the inboard flap. Thus the outboard flab
may not hold exact positioen, due to uneven airloads, even though the actuators
hold the same pressure as those of the inboard flap. The extent of the variation |-
in flap loads (perhaps caused by sideslip, rolling maneuvers, spanwise locatio;, ‘
etc.) is unknown but not expected to produce differences in deflection greater '
than'SF.ﬁzsé to 10°. Rolling moment due to asymmetric outboaro flap and adjacent

aileron have been estimated (Figure 4-23). The most critical condition exists
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" nothing left over for maneuvering. This‘condition was simulated in the NASA-Ames

to gain control; however, considerable altitude was lost in the/maneuver. Figure

. i{ndication of loss in duct integrity and will be able to shut down fﬁe

at flaps up where lateral control power is lower. As shown in the figure,

sufficient lateral control does exist to counteract the asymmetry.

Dﬁct Burst

Failures in the air ducting system can have significant effects on lift distri-
bution acrbss the wing. Rolling moment is produced which must be overcome by
lateral control. Figure 424 shows the effect of a complete failure in the

air duct running stfaight-back from the engine to the flap. Engine blowing on

the remaining fuselage crossover duct has been assumed unchanged. This burst

duct condition can be controlled.

Figure L-25 shows a corresponding burst in the crossover duct as it passes through

the body. Full lateral control is'reqﬁired to balance the rolling mo@ent with
study and found unaccepthble. The pilot was able to_divé and increase spéed

4L_26 shows that increasing the emefgency power fo thg engine feeding the good
duct tends to balance out the éongition-shown in Figure Lk-25. Shutting off
the ehgine connected to the faileé'duét aléo alleviates the problem. Because
8 buer duct is a marginal control sifuation,ba warning system based on duct

pressure indication has been installed on the airplane. The pilot will have

appropriate engine. In addition, the materials used in duct fabrication have
been chosen for safe fatigue and créck growth properties. Duct burst is

considered a remote situation.
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are set high enough for satisfactory system operation yet low enough for

 sideslip upset transients did not exceed 12.5°.  Based on the severity of

any first system malfunction the pilot elect to return to base for a

SAS System Failures

The "single channel" stability augmentation system is subject to hardover and

oscillatory failures which actuate the flight controls. SAS authority limits

effective recovery in the event of failures. Current design limits are 13°3&w
and -5°%y. Pilots were subjected to SAS failures in the simulator (Reference 21}
at 25°%w and 12.5°Sv~authority. Recovery from single axis hardover failures,
either lateral or directional, was no problem at the aﬁproach (60 kts)

flight condition, with a successful landing made in all cases. (The airplaneA
was flyable to a safe landing with‘total SAS failure.) Comparable results

were fouﬁd with hardovers dufihgvtakeoff; Oéciilatory failures also posed no
reco?ery problem. A simultaneocus hardover in the lateral and directional axes
during the approach (possible with varigble stability mode) was felt to be

the most difficult failure, but still considered acceptable. Bank angle and

rudder hardovers at higher speeds;'the current SAS system automaticélly switches
off above 100 kts. Lateral and directional control power are adequate for

overriding the SAS. -

With all of the listed failure cdnditions,flying qualities are degraded,
particularly in the STOL regime. IX possible, it is best not to enter the

STOL flight regime after a system failure. It is deemed prudent that following

conventional landing. The best all-round compromise condition is FLAPS 30° and

Vypp = 90 kts. At this condition longitudinal characteristics are stable and
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well-behaved (Section 3.2.) and approach lift coefficient is no higher than
conventional transports. Lateral-directibnal handling qualities -should '
be adequate. The 90 kt landing speed is still low enough to pose no problem
to brakes and gear. Thus, flight safety is enhanced_if this procedure is
followed.
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L. 4 Dynamic Stabilitv and Control

Lateral-directional dynamic stability characteristics of the Modified C-BA
degenerate in the powered-lift STOL regime. By virtue of low flight speed
small bank angles generate large turning rates. Reduced flight speed also

reduces the aerodynamic "spring'" and "damping" terms relative to mass and

“inertia. Hence frequency of oscillation becomes lower, and the airﬁlane

tends to wander in heading due to reduced directional "stiffness'. Damping

ratio would perhaps increase if it were not for cross-coupling effects. High

1ift .levels on the wing produce large, adverse levels of "rolling mopent due,

to yaw rate" and "yawing moment due to roll rate'". Roll damping itself

v degenerates and roll mode time constant increases. Lack of dihedral effect

produces degraded spiral stability causing the airplane to 'roll off" in a

very few seconds.

Unaugmented Airplane

D1 4100 7740 ORI1G,.3/71

Figure L-27 presenté unauéﬁented airplane dynamic characteristics at STOL

and conventional flight points. Cruisg fligktlis not anticiéated to be a
?réblem area, Dutch roll‘damping and‘period are acceptable, spiral stab;liﬁy
is neutral,»and roll mode time constant is satisfactory. Piloted operation
at speeds above 100 knots,'without SAS, was rated acceptable in the simulator.
Basic airplane dynamics at conventional landing approach (Flaps 30°, 90 kts)

is seen to be acceptable as well,

- STOL operation, both takeoff and landing, is characterized by long dutch

roll period and long roll mode time constant, maklng vrecise flight path
control difficult. If 995 = 0 as expected, dutch roll damnlng ratlo wlll be

accentable however, spiral time-to-double at T

5 = 3 to 4 seconds is very short.

D6-4038
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Continuous and excessive pilot attention is required to keep the airplane from
rolling off. .At the other extreme,vif QIp = -,004/deg, spirﬁl stabilify’bééomeé
tolerable but dutch roll damping degenerates, Characteristic period and
da@ping is only part of the problem; typical flight maneuvering, such as turn
entry, becomes a severe problem. - Figure 4-28 shows the.airplane response to

.a step wheel input without SAS and with CZ# = -.00k/deg. The aerodynamic

cross coupling induces large sideslip angles in the turn entry making
coordination almost impossible (typiéally; AG%;¢=.65). The heading responsé
lag is over L seconds, an unacceptable situation. With QQé =0 the spiral
mode is so unstable that airplane response to this type of step input is a
complete rollover. Keeping the wings level requires almost 100% lateral
control, particularly in moderate turbulence. In the simulator the pilots were
able to ély the airplane to a STOL landing Qithout SAS. Pilot rating ranged |
from 6.0 to 9.0 on the Cooper-Harper scale. Clear];y',b SAS-off flight in the

STOL regime is for emergencies only.

Augmented Airplane

Early in the program it was decided that a 1atera1-d1£ectiona1 stability
augmentation system was mandatory for good handling qualities. The two mode
SAS resulted: "Normal Mode" for handling qualities impfovement and."Variable
Stability Mode" fo: research, .Performance objectives used'in fhe control law . ,%;
deve}Opment were as follows:

© Improve spiral stability to time to double or half amplitude greater

than 20 sec.

® Maintain well-damped dutch roll mode with frequency greater than 0.5 rad/seq .

(Period < 12.5 sec).

REV SYM BOEING |no DE6-10381 N
' ' IPAGE h 38
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‘for the roll rate feedback which are automaticaily selected as a function of

-the gains are automatically reduced for flap setfings less than 40°,

¢ Reduce the roll mode time constant to 'ER( 1.0 sec.

® Provide turn coordination with ratio of peak sideslip to bank angle
developed during rapid turn entry at-%£;<,3 and heading delay less
than 2 sec. '
Figure U-29 shows the lateral axis stability augmentation system. With flaps

down, roll rate and yaw rate feedback to the lateral controls are used to

modify the free airplane roll and spiral mode. Two discrete gains are provided

flap position. Gain programming with flaps is provided for a more uniform
roll response at all flaps-down flight conditions. Spiral mode augmentation
uses a fixed gain, as no set variation with flight condition was noted.
Lateral axis stability augmentation is not neceésary at cruise flight conditions.

The system is therefore locked out for speeds (Ve) greater than 100 knots.

Directicnal axis stability augmentation system is shown in Figure h-30{ For
flaps down, the directional augmentation system,provides'turn coordination and

dutch roll damping.

For flap settings greater than L0°, roll rate and roll angle feedback to the
rudder improve turn coordination by minimizing peak and steady-state sidesiip

apgles during turns. To avoid excessive proverse yaw at highef airspeeds,

A derived sideslip rate signal is used to increase the dutch roll damping. A
fixed roll attitude gain in the sideslip rate derivation is satisfactory since
steady-state signals are washed out by the bandpass filter. .With flaps up,"

a yaw rate damper was considered desirable, élthough not ﬁandatory. Hovever,

REV SYM : o . _BOEING | vo. D6-10381 3
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" engaged for Ve:>100 knots.

simulator results showed rudder.SAS hardovers induced unacceptably large

transients dat cruise. The directional system is therefore automatically dis-

The lateral~directional dynamics at STOL landing approach have beén»improved to
satis?actory levels by the SAS. Figure 4-31 presents a comparison of response
to a small wheel pulse with and without SAS. The augmented airplane is well-
behaved'at 60 knot STOL approach with stable dutch roll and spiral modes. Dutch
roll damping is 313.5 with lengthened period at P = 12 sec. Spiral mode is
stable with time-to-half-amplitude at Ty, = 10 sec. Rapid turn eptries
conducted during the piloted simulator study are shown on Figure L-32. Turn
coordination characteristics satisfy the SAS design goals with accebtable éide- i
8lip and short heading lag. The augmented lateral-directional haﬁdling

qualities were rated as satisfactory (pilot ratings of 3.5).

For handling qualitigs research the SAS has the variable stability mode of
operation permitting a wide range qf 1ateral-directiona; characteriétics.
Destabilizing feedback is éossible. Figure 4-33 tabulates the range of
feedback gains builf into th; éystem. The primaryvcontrolled parameter in °
most cases can be vgried<fo generéte fery‘unstable characteristics. All -

combinations of feedback gains have not been analyzed to determine gain settings

for neutral stability. Extreme caution is deemed prudent vhen'using the

variable stability mode.
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'Modified C-8A has many of the general engine-out features found on STOL trans-

(drag levels on the order of conventional airplanes at landing flaps). Early in

the program the takeoff flap setting was raised from SF = 50° to SF = 30° |

" hot thrust is vectored downward to provide liftihg force. Hence, engine failure

5.0 ENGINE-OUT CHARACTERISTICS

Engine-out characteristics are given special attention in this section. The

ports pius a few unique problems of its own. Production of an‘augmentor wing
reséarch aircraft started with two fixéd cdnstraihts:lthe airframe and the
engine.’ Increased wing loading requirements caused the wing span (aspect ratio)
reduction. Being a twin, the airplane has a 50% loss in thrust at engine
failure. Engine—out climb performance with all of the atove factors becomes a'

fine_balance between thrust and drag.

Low-speed, STOL operation calls for relatively high flap deflection for takeoff

p:imarily to provide engine-out climb capability.

Low—Speed, steep approach at landing dictates very large flap deflection (SF=65°)
with even higher drag level. STOL operation, particularly landing, requires

"powered lift" where engine power is needed to stay in the air. On approach,

results in 1lift loss, both direct hot and Jét flap cold flow, as well as loss in
forward thrust. The airplane sinks, which is "unconventional", and flap retrac-

tion is required to climb away.

Hot thrust comprises over two-thirds of the total producing relatively large

engine-out thrust asymmetries. With vectorable nozzles hot thrust moment

REV SYM ' SOEING |no. 06 1081 _)_
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' Modified C-8A operates at speeds closer to V

at reduced gross weight and deteriorates with increased weight, altitude or

-lengths). Engine-out climb at cruise conditions is satisfactory at Vez= 100 kts,

may roll the airplane as well as produce conventional yawing. Engine-out control
becomes a significant problem, particularly at 60 kt approach. Genérally, the
Mé than usually found in conventional

transports.

5.1 Engine-Out Steady-State Performance

Engine~out climb performance at maximum landing weight is presented in Figﬁre 5-1
for standard-day operation at emergency power. (Pilot action is réquired to

advance throttle to emergency setting after engine failure.) Performance improves

temperature. At flaps 30° (takeoff or go-around) climb gradient at V, & 75 kts
meets FAR Part XX criteria (Reference 9). Better takeoff engine-out climb

performance is possible by further reduction in fiap setting (longer field

Désign landing aﬁproach (SF = 65° V= 90°, Vapp = : 60 kts) is made at "approach
powver éetting", approximately 92% RPM. At this setting each engine is producing
L6% of its hot thrust capability and 69% of its cold thrust. After an engine
failure, if the remaining ?ngine is left at 92% RPM, the resulting descent angle ig
greater than ¥ = -11° (Figure 5-1). Stall speed at 62 kts exceeds the original
approach trim condition. The following action must be taken immediately:

e Advance power on the remaining englne to emergency setting.
If desired the landlng approach may then be contlnued at emergency power settzﬁg
with some reduction in vector angle position. Approach speed should be increase@ »
to nearly 70 kts and the glide slope reduced to keep rate of descent at 8001fpm.

Stall margins are then adequate for continued approach.
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At lﬁnding flaps the-drag levelvis too high to pefmit go-arcund to a
conventional landing approach. A steady positive clizb angle vitﬁ acceptatle
"stall margin can only be achieved at emergency power setting by: |

® Vectoring the hot thrust vector full aft, ggg

® Retracting the flaps tc the 30° position, and

® Increasing speed above the 60 kt ;ppfoach sveed at

which the engine failed to best climb speed of T5 kts.

A finite amount of time is reqnired to accomplish these steps during which the

workload on the pilot is very heavy.
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5.2 Engine-out Steady-state Control

 tain flap blowing over the éntife wing via the duct-within-a-duct system. With

_ hot thrust rolling moment, the duct system has been designéd to deliver a greater

is controllable by sideslip using no rudder down to Ve = 100 kts without exceeding

The asymmetric blowing feature is most needed at landing approach, where thrust i$

| thrust perpendicular to the flight path). Engine failure at approach powver

Sufficient control must exist to counteract an engine failure and continue the

flight‘to a safe landing. Engine fén air is ducted across the fuselage to main-

symmetrical cold thrust blowing, early NASA simulator studies revealed that directi

hot thrust rolling moment .was too large. To partially compensate for some of thej

proportionality of cold flow to the opposite wing. Most of this asymmetric
5lowing ié delivered‘to the aileron, vhich receiveé Air from dnly one engine
(opposite side of the airplane). Fiéure 5;2‘illus£rates the blowing distribution
from one engine. Aéymmetric lift distribution, primarily due to blown-and-
unblown drooped aileron lift, generates aerodynamic rolling moment which partidﬂ?
cancels the direct hot thrust mémenf. Thé remainder of the hot thrust must be

handled by the pilot using lateral control and rudder.

Engine-out control at cruise poses no problem. Full emergency thrust, vectors &%t} .

can be handled by the rudder on only one hydraulic system. In fact, engine-out

/3= 10° (steady state). Engine-out control ‘at takeoff with vectors rotated full
aft is essentially a "conventional' rudder problem. Rolling moment is relafively

small and easily controllable.

f

vectored at¥'= 90°, (Airplane flap and power setting were specifically chosen

for the 60 kt, Y= -T7.5° approach condition so that ample margins exist with hot

produces the rolling characteristic shown in Figure 5-3. Two things happen:
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.remaining engine is advanced in powver. Increasing power on the remaining engine

moment. Engine thrust characteristics are such that there is rmuch less increase

input from almost no rudder to full pedal and half wheel to nearly half wheel in

Loss of blovihg causes available lateral control power to degenerate by about Lo%
while asymmetric blowing reduces the net engine-out rolling moment to a small
level - much less than direct hot thrust. Very little wheel is required to keep

the wings level.

ES

As shown in Figure 5-1, the airplane has a very high rate of descent unless the
before rotating the nozzles aft almost doubles the direct hot thrust rolling

in compensating cold thrust. Figure 5-4 presents the‘net, cbmpensated engine-
out rolling moment.and the maximum available lateral control power at emergency
power setting. (gggg: Even'though emergency thrust can be achievgd with vectors
down, test stand énging running structurally deforméd the Pegasus nozzle "trouses
piece'" at full powef. Therefore, the pilot is cautioned not to select poﬁer
settings above takeoff‘rﬁting with vectors down.) At 60 kts the'pilot needs
about 50% of the available roll céntrol to balance the engine-out condition.
Continued'apprbach with wectors down (see Figure 5-1) means th#t significant
lateral trim is reguired to maintain vings‘level and that rémaining lateral cotral]

capability for maneuvering is just adequateufor emergency operation.

If the pilot elects to rotate the nozzles aft for a more conVentional landing (or._'
go-around) the engine-ocut rolling moment becomgs yawing moﬁent.- Figure 5-5 shows
that at constant sPeed-engiﬁe—out rolling moment is reduced, but changes sign, as
thrust vector reaches 1’=6°; Yawing m6mént becomes quite large,-nearlyvexceeding

rudder capability at 60 xts (¢ = 0°, p= 0°). Thus, the pilot must -change control

the opposite direction. Such control transients, when coupled with zero dihedral
efféct, are very difficult to cope Qith.
REV SYM . S BOEING |N0.D6-l‘0381 ; '
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- The reversal in lateral control input with vector angle could be reduced by

changing the amount of asymmetric blowing. Reduced blowing asymmetry'was eval-

‘There is no single "minimum control speed” for the Modified C-8A. Control reguire-

countered by .rudder using $=5° bank angle (dead engine high) on a straight-ahead

uated in the simulator. The characteristic shown in Figure 5-5 implies the need

n

for nearly full lateral control if full power is reached with vectors down. Filct
rated this as unacceptable. With no‘opfion for valving in the duct systexr to
regulate blowing, the current asymmetric blowing design is rated as the best

compromise for engine-out control.

5.3 Engine-out Minimum Control Speed

ments change with flap angle and vector angle as well as airspeed. For vectors
aft conditions such as takeoff, cruise and go-around minimum control spee&, VMCA’

has been defined as the lowest speed at which engine-out yawing moment can be

flight path. With thrust vectored downward minimum control speed occurs when
lateral control available after trimmiﬁg the rolling moment is just adequate for
emergency maneuvering control. One definition of this level is sufficient lateral
control power to generate ¢=.15 to .30 RAD/SE02 roll acceleration on landing

2 has been ﬁsed for design

approach (see Ref.l5 and 16). A value of @=.2 RAD/SEC
because it corresponds to Boeing experience with manual reversion léndings oﬁ
commercial transports, and the level was deemed adequate for the Modified C-84 on

the simulator.

VMCA has bégn determined at the lightest airplane gross weight deémed prégfical”
and at sea level, standard day, emeréency thrust level. Reduced weight permits
the airplane to fly slower which is most critical for engine-out control, as
opposed to engine-out climb performance. Figure 5-6 shows the fraction of

available control required to trim engine-out moments at takeoff flap setting.

Characteristics at three bank.angles are shown. Minimum control speed &t ¢=S°F

REV SYM ' aaflﬂcluo. D6-40331 - _)_
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is declared at V, = 4T xts, which is below single-engine stall speed.‘ The

speed at which full rudder is reached is strongly dependent on bank angle used
to balance rudder sideforce and paintain straight flight path. Lateral control-
requirement and sideslip indication (left slip for left engine failure) should
aid the pilot in holding correct bank angle. Takeoff rotation and climb

speeds are noted on Figure 5-6. Both are well above VMCA'

Engine failure during the takeoff gfound roll must Be coﬂgteracted directiy'by
the rudder without the benefit of bank angle. Conventional tranéport éirworth-.
iness policy defineé ground @inimum control speed, VMCg’ as the engine failure
speed on takeoff at which controllability by primary aerodynamic controls alpne
(no sieering) can be demonstrated without exceeding 25 ft. lateral deviation
from the runway cgnterline. VMCg is generally slight;y below actual static
balance speed (rudder moment equals engine momént)»because the airplane continues
to accelerate after engine failure. VMCg has been estimated for the Modified" ;
C-8A at takeoff flaps (EF = 30°)and 40,000 1b at Ve = 53 kts. éince many -
assumptions were made in the‘calculationsg pilots should add a few knots when

testing the airplane. Even so, Vmcg‘is well below the takeoff rotation speed.

At lagding flaps, VMCA is declared.at Ve = 53 kts with vectors aft and § = 5°.

' Figﬁre 3-7 shows the same strohg effect of bank angle as seen at takeoff. At
landing flaps the lack of dihedral effect results in left wheel for right rudder
(left-engine failed),»which is opposite to conventional airplane characteristics.
At tﬁe iight gross weight of 35,000 lh, VMc, is abofe stall speed. One should
also note that landing flaps VMCA is somewhat higher than tekeoff flaps. This

can be attributed to "adverse yaw'" due t§ greater blowing on the opposite drooped
aileron and flap. Since actual wind tunnel data do not exist for engine-out

conditions, it is possible that this effect may not be so great.
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With nozz;es vectored downward, engine-out is a lateral control problem. Figure
S-B.Shows the control required to trim the engine-out at landing fiaps aﬁd
35,000 1lbs. Very-little rudder is needed. The speed for full lateral control
is almost the same as one-engine stall speed. However, if sufficient control

~ power is held back for maneuvering at ¢5 = ,2 RAD/SEC2  then VMCA occurs near
60 kts. Recommended speed for continued approach is about 70O kts for thls
condition. For engine~out with vectors down the pilot»should keep both bank

angle,and'sideslip small.

It should be noted that engine-out control is more diffiqﬁlt with thrust
" vectored downward at reduced flap settings. Less ailerqn droop and flap angle
reduces the amount of aerodynamic rolling moment produced by asymmetric
blowing (see Figure 5-2).' Also there is less lateral control pover available.
By holding back lateral control pover for maneuveriné ax.;§= .2 RAD/SECz,vthé

VMCA occurs at nearly 80 knots for vectors down at SF §‘30°;

Figure 5-9 summarizes the minimum control speed situation.  With nozzles aft at °
V= 6?, VMCA occurs at speeds be;ow one-engine stall spgg@s except'for light-
weight, lénding,flap conditions. With vectors down §t1/= 90° the speed for
adequate roll control (emergency basis) is greater than 60 kts, although full
lateral control is not required until reaching staii speed.v‘It is recommended
that, if possible, the nozzles be rotated aft after engine failure for better

performance, control margins and more-or-less conventional flight characteristics>

. B !
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5.4 Engine-Out on the Simulator

The performance and control problems associated with engine failure dictated a
real time, pilot-in-the-loop simulation. Dynamic characteristics and pilot
‘ time delays and workload can only be appreciated on the simulator. Two piloted

simulation periods (Oct. 1970 and May 1971) were used on the NASA-Ames FSAA

system (Reference 7). In addition, an appreciation of the physics of the.

| problem was gained in simulator studies conducted at Boeing using an "electronic"|.-

pilot.:

Engine-out handling qualities at takeoff were judged to be adequate. Pilots were
able to maintain control using more or less conventional techniques. The low

engine-out climb gradient was appreciated but considered tolerable.

Engine faiiure on STOL landing approach* presented a @ore difficult situation.
fhe pilots were subjected to nuﬁerous engine fajilures; the cﬁoice of which
engine to fail and at what altitude being randomly selecte& by test engineers.
After each failure the pilots were allowed to choose whether to continue the
approach to a landing or initiate an engine-out go—aroﬁnd to‘set up ; éonven—

tional landing.

The first indication of engine failure was loss in 1ift and rapid build-up in
sink rate. Airspeed and angle of attack inherently increased due to airplane
settling. Initial rolling and yawing moments were low (see Section 5.2) posing

no initial control problem. Pilots almost immediately increased power on the

remaining engine. Control response varied depending on subsequent action taken |

with the thrust nozzles and flap setting.

* Engfne failure on épproach is much less of a probiem at higher speeds and ‘
reduced glide slope,
REV SYM . SBOEEING |N°- D6-L038]. )
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‘Out of a sampling of TO engine failures by three pilots, about 60% of the

conditions were go-arounds. If possible, a new approach at conventional

conditions (XF = 30°, = 90 kts, > = 6°) was deemed prudent. . The pilots

vAPP

had adequate control to counter the engine failure, particularly since speed

increased naturally. Initial control was gained using § 335°-45° (g"max = 75°)

and SR = 5° (Shmax = 25°), With nozzles aft rudder requirement increased to

SRr=10°-15°, Bank angle upset was @ =T7° and recovery maneuvering was made .
using = 12° to return to runwvay centerline. Even though adequate éontrol vas
available, the engine-out condition was rated as a very demanding task. The
change in sign in rolling moment with nozzle angle coupled with lack qf dihedrél
effect was very'confusing. Yawing and pitching moment changes further

complicated the problem. Confusing and unconventional control characteristics

plus marginal single-engine climb performance makes an engine failure on

approach a very serious matter. Two control techniques were worked out for

-dealing with an engine failure and making a go-arqund.

Technique A

The first technique was to immediately increase thrust on the remaining engine.
Nozzle and flap position werechanged subsequently depending on the decision to

land or go-around. If go-around were made, the nozzles were raised and flaps

'selectedvaté% = 30° as the speed built up. 'Figure 5-10 illustrates this

technique. While restoring lost lift, increasing power with nO‘changevin vector
angle generates large rolling moment. Wheel input is necessary'when the nozzles
are rotated. Wheel direction must be reversed,although the amount required

falls off withchntinuea go-around.. Rudder input is seen with‘gft vector

angle. Rotating the nézzles in this condition also produced a large nose-up

pitching moment., Considerable control cocordination was required to keep the

wings level and airplane on a straight course.
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Technique B

In technique "B" the nozzles were rotated aft before power waé.increased on the
remaining engine. This technique minimizes the control problems and reduces
the confusing change in control direction. Figure 5-11 illustrgtes this
technique. Very littlé wheel motion.is required. For the most part rudder
becomes the dominant contfol input as in a conventionél airplane. (The large
sideslié angle shown in the figure resulted from failure to use enough rudder

initially, then too much later in the go-around).

Current engine-out control philosophy leans toward the more conventional
technique "B" . Throttle and nozzle control leveré have been modified so that

both may be advanced simultaneously using one hand. This results in full

_power and vectors aft conditions occurring at the.same time thereby speeding

the recovery. Low wheel and stick forces now permit easy control of the
airplane using only one hand. Engine-out control is well within the capability

of the airplane}

The most pressiﬂg consideration lieé iq minimizing altitude loss in making the
go-around, Steep approach, loss of_lift, high drag flaps, etc. all add to

the high sink rate encountered followiqg engine failure. figure 5-12 presents
a selected example of a one-engine go-around. The rapid increase in sink rate

(22 ft/sec) and loss in load factor must be dealt with at the same time that

roll, yaw and pitch control is being maintained. Downward acceleration,

increase in thrust and thrust vectoring aft produce an increase-in airspeed

which helps to regain margin from stall and accelerate the airplane towards a

positive climb gradient. Approximately constant pitch attitude is flown while
flaps are retracted for go-around.
REV SYM BOEINE |vo6_10381
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"that pull up to moderate angle of attack @XF=12°) followed by tracking on flaps

ngt reactions are neédea to effeét a go-aroﬁnd with miﬁimﬁm altitude loss. Eariy
trials in tﬁe'simulator saﬁ altitude loss from point of engine failure in excess
of 350 feet, Mean levels from early piloted simulator work tended towardv2504
féet altitude loss. Techniques for taking corrective action in minimum time were '
practiced in the second simulation period. Prior work ﬁsing an "electronic”

pilot showed the merits of moving quickly (Reference 5). The analysis showed

30° climb speed (Ve=:75 kts) results in minimum altitude loss in the go-around.
This technique was followed by the pilots. Piloted recovery results are

compared with the analysis in Figure 5-13.

Although go-arounds were accomplished from as low as 90 ft altitude in calm air,
the minimum go-around altitude had to be increased in turbulent conditions.

It would appear that minimum go-around altitude should be on the order of 150 ft.

It shoﬁld be recaliedAthat the pilots elected to continue the approach to a
landing in about.no% of the trials. Figure 5-14 shows a successful one engine:
landing after engine féiiure at 150 feet altitude. In this case immediate
reaction to an engine failure is to increase power; vector the thrust aft and-
leave the flaps down for maximum 1lift capability. Again note the reduction in
load factoriat engine failure and the large increase in sink rate at 23 ft/sec.
Speed is allowed to build ﬁp only as necessary to retain stall margin and produce
reasonable body attitude at an allowable rate of descent; As can be seen from
this condition, there is plénty of flare capability;‘touchdown sink rate wés
held to only 3.5 ft/sec. (Engine—out'laﬁding occurs up to 500 ft short of

the original touchdown. aiming point. Pilots are encouraged to aim to'iand‘ove:

1000 feet beyond the actual end of the runwvay when making STOL approaches.)' .

REV SYM - BOEING lNo. D6-40381 +
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' The actual vector angle chosen for a continued landing after engine failure
varied between different pilots and depended to some extent on the techniques
used to control rate of descent. Using nozzle vectoring inevitably introduces
pitching, rolling and yawing moments from the operative engine's hot thrust
Jet. Power changes introduced mainly rolling moments. Two pilots Stated a
preference for thrust modulation, but when faced with the probiem in snbseqnent

cases, all pilots used combined techniques.

Touchdowns will occur at increasingly higher angles of attack, up to s stalling
flare, as the engine failure altitude comes nearer the ground; At very lov |
altitude engine failures will result in nard touchdowns. If immediate'flaring
is‘attempted, the pilot ma& be able to reduce sink rate to the landing gear

" gtructural limits (12 ft/sec). Full elevator flare immediately after engine
failure (with increase in power) vas found to arrest sink rate to gear limits
in the "electronic" pilot simulation.‘ Engine failures above about 50 ft
altitude can probably be corrected to the point that little, if any, damage

will be done to the airplane.

a very hard landing, beyond landing gear structural capability. This failure
altitude roughly corresponds to that for flare inltiation. Exposure to this
critical condition lasts for about the last 4 to 5 seconds prior to touchdown.
Special seats have been installed on the airplene to take high sink rate
landings without injuring the pilot. New emergency egress doors have been
added in the cockpit to facilitate getting out of the .airplane. Since the
exposure time is short, the risk of critical engine failure near the ground

has been considered reasonable for a research airplane.

There does exist a region near the ground where an engine failure would cause -
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NOMENCLATURE

Aspeét ratio = b2/S

Span

Mean Aerodynamic Chord

Center of Gravity

Isentropic Thrust Coefficient - Tcold/qg

Lift Coefficient LIFT/qs (positive up)

Drag Coefficient = DRAG/qs (positive aft)

Pitch moment coefficient = P.M.AGSE (positive nose up)
Yawing moment coefficient = NAF%B (positive nose right)
Sideforce coeffiéient = Y/qS (positive right) |
Rolling moment coefficient = %/%Sb (positive right wing down)

Pedal Force (positive for positive rudder)

Stick Force (positive for pull)

Wheel Force (posipive for right wheel)
Horizontal tail incidence (positive L.E. up)
Engine RPM

Load factor- (g's’)

Dynamic pressure

Wing Arega

ty Time required to reach 30° bank angle

f‘; Time required to reach 15° heading anglé

Ve Equivélent airspeed |

Xe Column position (positive aft)

Ao Angle of attack (positive L.E. up, relative to fuselage datum )
REV SYM EOEING |No‘ D6-40381
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Sideslip (positive nose léft)

Flight path angle (positive up)

Aileron deflection (positive T.E. down)
Augmentor choke deflection (positive up)
Elevator deflection (positive T.E. down)
Flap ‘deflection (positive T.E. down)
Pedal deflection (positive for positive§g)
Spoiler deflection (positive T.E. up)
Rudder deflection (positive T.E. left)
Tab deflection (poisitive T.E. down)
Wheel deflection (positive right)
Downwash angle (positive down)

Damping ratio

Pitch attitude

Pitch acceleration

Sweep angle

Taper ratio

Hot thrust nozzle angle (positive down)
Time constant

Bank angle

Bank angle in first second

Roll rate

Roll acceleration

w Yaw angle
q3 Yaw acceleration
w Frequency
REV SYM BOEING |1oD6-10381
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